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THE EFFECT OF SOIL PHYSICAL CONDITIONS ON MOISTURE 
I CONSTANTS IN THE UPPER CAPILLARY RANGE 

W. 0. SMITHI 

U. S. Department of Agriculture 
Received for publication. July 6, 1943 

The physical condition is hnportant in any investigation pertaining to soils. 
Soils are ordinarily studied either in their natural state or in a derived state 
produced by fragmenting the natural soil. The textural porosity (that included 
within an aggregate of primary particles) is identical in either the natural or the 
fragmented state, since a fragment is a part of an aggregate and has survived the 
crushing process. The secondary pore space is, however, vastly different. The 
structural porosity (that included between aggregates) of the natural soil is 
destroyed during crushing and is replaced by the pore pattern between fragments. 
Again the physical properties of natural aggregates and mechanically produced 
fragments are quite different. Likewise, the physical properties of soil systems 
composed of natural aggregates differ from those of soil systems composed of 
fragments. 

Certain moisture constants in the upper capillary range, such as moisture 
equivalent, field capacity, and normal moisture capacity, may present different 
values in the natural state and in the fragmented state. Constants such as these 
are usually determined on fragmented soils, and the results are assumed to apply 
equally to aU soil conditions, as assumption that is open to doubt. The need for 
investigation becomes more apparent when certain studies of Bradfield (4) and 
other workers (10) are examined. These have indicated that size distribution of 
pores should be directly related to soil structure and to definite physical prop- 
erties. 

The purpose of this paper is to establish the part plaj^ed by the secondary pore 
space and to give such physical interpretations as are appropriate. Detailed 
consideration will be given to moisture equivalent followed by brief discussions 
of field capacity and normal moisture capacity. 

MOISTURE EQUIVALENT 

Moisture equivalent of fragmented smnples 

When the moisture equivalent of a natural soil (one that has not been disturbed 
by any process to which it was not subjected while in the natural landscape) is to 
be determined, aggregates of the sample taken are usually crushed to fragments 
of a size that enables them just to pass a 2-mm. sieve, and all stony material 
greater than 2 mm. is discarded. The resulting fragments are of two kinds: 
those wholly nonporous, such as sand and mineral grains, and those w^hich are 
porous, such as fragments or aggregates from a clayey horizon. A given soil 

1 Associate physicist, Bureau of Plant Industiy, Soils, and Agricultural Engmeering, 
Agricultural Research Administration. 
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sample may reduce to a single one of these types or consist of a mixture of the 
two. 

Characteristic pore-space patterns, depending on the soil, appear in the frag- 
mented soil in a moisture equivalent box. If the sample consists wholly of non- 
porous grains, as does a sand, only the pore space between the grains exists. On 
the other hand, if the sample contains porous fragments, then there exists not 
only the secondary pore space, that between the fragments, but also the textural 
pore space, that within the fragments. Single porous fragments, for example, 
those from clayey horizons, have the textural pore space possessed in the natural 
soil, since each is a fragment of it. The secondary pore space has arisen in the 
process of preparing the sample. 

The relative sizes of the pores, textural and secondary, involved in a given 
sample are important. For nonporous grains, the size of the pores is of the same 
order as that of -the grains. For samples composed of porous fragments, the size 
of the textural pores is of the same order as that of the grains, and the size of the 
capillaries of the secondary pore space is of the same order as that of the frag- 
ments themselves. 

The final disposition of water will depend on the kind and size of the pore spaces 
available after the centrifugal field has been applied. With packings of non- 
porous grains, only slight alterations of the pore space occur. The amount of 
water retained after application of the centrifugal field will depend on the relative 
capillary curvatures that can be supported by the pores of the packing and hence 
on the grain size and porosity. 

With samples composed of porous fragments, however, conditions are more 
complicated. If the fragments are not deformable, then both the textural and 
secondary pore spaces may {support capillary curvatures, and the amount of w^ater 
in each will depend on their relative sizes. If however, they are deformable, as is 
usually the case with a clayey soil, most of the secondary pore space disappears 
when the sample is centrifuged, leaving as the chief w^-ater reservoir only the tex- 
tural pore space, W'hich has a magnitude nearly equal to that existing in the 
unfragmented soil. The approximate drainage behavior for a packing of non- 
porous grains is showm in figure 1 ; that for a packing of porous grains is shown m 
figure 2.2 

^ Figures 1 and 2 are obtained from considerations on what happens in the capillary 
systems, particularly the textural and secondary, when saturated with water and subjected 
to the action of the centrifugal field. It will be observed that, initially, moisture equivalent 
samples are thoroughly soaked, and the maximum of water is taken up. The entire pore 
space is then saturated (saturation probably is not complete in any actual case, because of 
trapped air and the like), and all other capacities for taking up w^ater, such as arise from 
organic matter or clay minerals like montmorillonite (lattice water), have been satisfied. 
Only the capillary water, resting as it does in the pore space, will be considered here. De- 
tailed consideration will be given to two cases; viz., nonporous fragments and porous 
fragments. 

With completely nonporous fragments the behavior is like that shown in figure 1. In 
this figure, a is a scale plot from scattered experimental data; h is a schematic diagram based 
on a and exaggerated for the purpose of this discussion. Only one type of pore space, a 
textural one, is present. At low fields little water leaves the sample (arc BC of figure 16, 
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Figure 3a shows the postulated location of water at the moisture equivalent in 
the pore space of a sand. Figure 36 shows the corresponding case for porous 
aggregates. An attempt has been made, in the drawings, to keep capillary cur- 
vatures the same for both cases. 



Fig. 1. Moistuke Retained in a Sand, Repeesented as a Function op the Applied 

Centrifugal Field 
a, actual data; 6, schematic diagram 

The fact that hysteresis in moisture equivalent measurements is not to be 
expected from simple capillary effects, may be easily shown. Ordinarily this 
phenomenon occurs in cycles of wetting and drying. Figure 36 illustrates capil- 
lary hysteresis in spheres. On drying, starting from complete saturation, only 

which may be very small, depending on the size of the largest pores). When, however, a 
field sufficiently great is reached to overcome the capillary forces existing at the continuous 
meniscus enclosing the sample, water drains (arc CD, fig. 16), leaving within the soil only 
isolated funicular and pendular bodies. As the field further increases (arc DE, figure 15), 
the funicular water (isolated bodies of w’’ater enmeshed in small grain clusters and com- 
pletely filling each cluster) drains, and pendular masses remain at the higher fields. 

The weight of water remaining at 1000 gravity, per gram of soil, characterizes moisture 
equivalent. The type of water remaining at this field will depend upon the curvatures of 
the capillary surfaces which can be supported by the soil framework and exist in equilibrium 
with the field. Thus the moisture equivalent of a soil depends upon the pore size distribu- 
tion, which in turn depends upon the texture and compaction of the soil. With coarse sand 
the residual water is chiefly pendular. With finer texture more funiclar water remains. 
Finally, if the texture is sufficiently fine, the field of 1000 gravity may not be sufficient to 
overcome the capillary forces existing when the soil is saturated, and the sample will remain 
completely filled. Thus, the moisture equivalent of quartz flour of silt size is 25 per cent 
(12) . When, however, a field of 300,000 gravity (centrifugal moisture) is reached, the mois- 
ture content by weight (grams of water per gram of soil) is only 1 .2 per cent (12) . The latter 
value corresponds to the moisture equivalent of coarse sands (20"30 mesh) where only pen- 
dular water remains. The point D, which indicates moisture equivalent, is not fixed on the 
curve of figure 15, but may be anywhere along the curve depending upon the texture. 
The arc CI> of figure la has been slightly displaced; otherwise it would be indistinguishable 
from the axis of ordinates for the scale used. 

With porous fragments the behavior is more complicated and is probably as indicated in 
fig. 2. The larger diagram, a, is plotted, except for the arc ABC, from the data of Olmstead 
(12) ; A is an experimental point, the arc BC is conjecture and not experimental, but is drawn 
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the curvatures B will exist for the vapor pressures near the moisture equivalent. 
If, on the other hand, the soil is wetted, then the curvatures C inside aggregate 1 



Fig. 2. Moistuke Retained in a Fragmented Heavy Soil, Represented as a Function 
OF THE Applied Centrifugal Field 

a, actual data; h, schematic diagram. The arc BC of a would escape detection in most cases 

may exist, leaving the interior of the aggregate incompletely filled. The curva- 
tures B and C will have the same value and hence the same vapor pressure. The 
water content of the aggregate will be different in each case. This is an example 

in the form it is believed should exist if the effect under discussion could be isolated and not 
masked. The smaller diagram, h, is again an exaggerated representation of curve a and 
will, as before, be used exclusively for the immediate discussion. 

The following behavior is indicated: The point of initial saturation is shown at A, where 
both secondary and textural pore spaces are filled. Water does not leave the sample in 
appreciable quantities until a field sufficiently strong to overcome the capillary forces ex- 
erted by the liquid in the secondary pore space is reached. The liquid in this space then 
empties along the curve AB. 

The capillaries of the secondary pore space are the largest of the packing and are of the 
order of the fragments in size. The fragments, when wet, are deformable and will pack 
under the field; hence the secondary pore space disappears as the field increases. A small 
part of it probably remains after a field of 1000 gravity is reached. Observation of the 
volume changes and compaction which heavy soils placed in a moisture-equivalent box 
undergo when centrifuged tends to confirm this belief. The secondary pore space empties 
and disappears as centrifugation progresses. Because of the destruction of this pore space, 
the arc BC would probably be undetectable at the conclusion of centrifuging. The curve 
ABODE wmuld be smooth and without a cusp at 0, Each single fragment is, however, 
saturated. N o further loss of moisture, with increase of field, occurs until a field is reached 
(C in figure 2) sufficient to overcome the capillary forces arising from the continuous menis- 
cus enclosing each fragment. 

The textural capillaries, being much finer than those of the secondary pore space, require 
a much greater field to remove water from them, and they remain saturated until such field 
is reached. Water leaves the textural pore space of the fragments along the arc CD and it 
is probably well removed when the point D is reached. This, according to Olmstead (12) , is, 
for some soils, about 30,000 gravity. Beyond D, extremely large fields remove but little of 
the remaining water. The process of removal, from the fragments, of the textural water 
held by capillary forces, is similar to its removal from a coarse sand. Both funicular and 
pendular water remain, and the amount of each depends upon the field applied. Thus the 
arc BODE of figure 2 is similar to the arc BCDE of figure 1. 
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of microscopic hysteresis (17). Moisture equivalent determinations are essen- 
tially drying processes, starting from saturation. 

If all pores of the soil are completely filled, the porosity, P, may easily be ob- 
tained from the moisture equivalent M. If p is the density of soil solids, and d 



Fig. 3a Fig 3b 

Fig. 3. Retention of Moisture in a Sand and in a Fragmented Heavy Soil 
a (Left) , postulated location at the moisture equivalent in pore space of sand: 1, 2, 3, 4, 
four grains; F, pendular water retained; A, unfilled pore space passing through the cell. 

h (Right) , postulated location at the moisture equivalent in pore space of porous ag- 
gregates: 1, 2, 3, 4, four fragments; dashed circles, R, of same radius as grains of a; F, re- 
tained water within the fragments; A, unfilled pore space, which usually will be obliterated 
by the centrifugal field. Microscopic hysteresis is illustrated by aggregate 1. Only the 
capillary curvatures, J5, exist when emptying; the equal curvatures B and C exist when 
filling and much of the interior of the aggregate is unfilled. 

The curvatures of the liquid surfaces are the same in a and b. 

the density of water, then with M and P expressed as decimals rather than as 
percentages, 

P = (i¥/d)/[(l/p) + M/d], or if d = 1 

P = M/[(l/p) + M] (1) 

The volume weight, v, of the dry soil, and the moisure equivalent M also may 
be used, under the conditions postulated, to calculate the porosity. The relation 
is, with d = 1 

P = vM (^) 

These equations are justified by considerations on the distribution of w-ater in the 
upper capillary range (approximately pF 2.6 to 3.3).^ 

3 In general, the water iif , held in the upper capillaty range, may be divided into three 
parts: a part, Pp, is in the pore space, that is, as liquid water; a part, Eo, is associated with 
organic matter; and finally, a part, Pm, is associated with the mineral component. The 
part Em may exist as adsorbed water held by surface forces, or as water associated with a 
mineral lattice, such as would occur with montmorillonite, or both, or, finally as gel water 
such as that associated with iron and aluminum oxides. Hence, 
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Some conclusions concerning moisture equivalent 

The detailed examination of the behavior of initially saturated nonporous and 
porous packings in a centrifugal field of 1000 gravity suggests the following con- 
clusions when the soil does not swell appreciably [negligible swelling permits 
equation {S') to be used]: 


U = E^ + Eo + E„ (/') 

The terms Eo and Em do not include the pore water associated with their respective com- 
ponents. 

As far as the upper capillary range is concerned, it appears sufficient to consider pore 
water and only those parts of Eo and Em that are associated with swelling, and write equa- 
tion (f) as 

M==Ep + Eo {2') 

The single term E^ represents the part of Eo + Em associated with swelling. Surface-ad- 
sorbed water need not be considered. It is to be observed that, from a soil whetted to a point 
in the upper capillary range, the bulk of water recovered in processes used to determine the 
constants of this range is not that of constitution; water held by surface adsorption is negli- 
gible in soils of coarse texture; saturation prevails in those of fine textures; and finally, in 
soils of intermediate texture, saturation occurs at textures for which capillary water would 
still be large compared to that held by surface adsorption. 

If Eo and Em are small compared to Ep, that is to say, the soil contains little organic mat- 
ter, and the water Em associated with the minerals is inappreciable (Es is negligible; that is, 
swelling is slight), then water held in the upper capillary range is chiefly within the pore 
space, and approximately, 

M = Ep (S') 

The pore space may or may not be saturated. 

If all pores are completely filled, the porosity, P, may easily be obtained. If p is the den- 
sity of soil solids and d is the density of water, then, with M and P expressed as decimals 
rather than as percentages, 

P - (M/d)/[(l/p) + M/d], or if d - 1 

P = M/[(l/p) + M] (4') 

If the pores are not completely filled, the pore space P«, occupied by w'ater is determi- 
nable. Let U be the void space, in unit mass of soil solids, that is unfilled. Then, setting 
as an approximation, d — 1, we easily find, 

P^^M/l(l/p) + M+U] (o') 

The total pore space P = P«, + P„ where P„ = U/[(l/p) + M + U], The fraction of the 
pore space saturated is P«,/P. 

The volume ^weight, v, of the dry soil, and the water M also may be used, under the condi- 
tions postulated, to calculate the porosity. M is supposed to be expressed on a weight 
basis, that is, the weight of w’ater per unit weight of dry soil. The relation, for a saturated 
pore space, is P = vM/d, or if d = 1 

P ^ vM ■ (6') 

By the use of the relation P ^ (p '»)/p> equation (6') is easily shown to be compatible 
with equation (4 ') . Equation (6') is probably restricted to rough work, since the volume 
weight, cannot be as accurately determined as p, the density of the solids. 
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If a soil has sufficiently fine texture, its textural pore space will remain filled 
with water when placed in the field; a critical texture should exist, and all soils 
finer than this should remain saturated, all coarser should not. The difference 
between the water actually present and that required for saturation is, in the case 
of unsaturated soils, variable and may be small or large, depending upon texture. 

When a soil in the fragmented state is saturated and subjected to the field, the 
secondary pore space, if the fragments can be deformed by the field, will be largely 
eliminated, and the water held, after the field has been applied, will closely equal 
that which would remain under a similar field in the pore space of the unfrag- 
mented soil; for example, a clayey horizon. 

In those cases where only textural pore space exists, and where the water held 
at moisture equivalent is that required just to saturate the pore space, as ex- 
pressed by equations ( 1 ) and ( 2 ), then the porosity of many soils may, it appears, 
be computed approximately from textural data. An empiricai relation such as 
Olmstead’s (12), or Middleton’s (8), will determine the moisture equivalent, and 
equation ( 1 ) or ( 2 ) will give the corresponding porosity. 

It is not expected that the moisture equivalent mil measure the porosities of 
A horizons of soils; e.g., the granular horizon of a chernozem.^ 

Compaction occurring in the outer boundary where the centrifugal field is 
greatest may prevent drainage and leave an excess of water close to or at this 
boundary, especially if the centrifugal field has been applied too rapidly.® A 
gradient in compaction would probably give rise to a moisture gradient, a phe- 
nomenon which has been observed; at least, the moisture gradient has been 
observed to exist in a sample which has been subjected to a centrifugal field (19), 

The differences between moisture equivalent determinations made by the 
centrifuge method and the suction method of Bouyoucos (2, 3) on identical soils 
become somewhat less puzzling. The data of Pinckney and Alway (13) show 
considerable disagreement with coarser textures but good agreement with heavier 
soils. This is to be expected, since neither the suction forces nor those arising 
from the centrifugal fields are adequate to empty the pores of single fragments in 
heavier soils but are capable of destroying the secondary pore space. With coarse 
textures such as sands, both methods produce drainage. The weaker force fields 
of the suction methods are incapable of emptying some of the finer pores enclosing 
pendular water, that are emptied by the stronger centrifugal fields; hence, more 

^ When the soil contains much organic matter, equation (S') will not apply. No at- 
tempt is made, in this writing, to investigate the terms Eo and Em, and further conclu- 
sions are not ’warranted on this point. Appreciable s'welling will render the conclusions 
reached untenable and bar the application of equation W)- The requirement for use of 
equation (40 is that the external dimensions of the sample remain essentially unaltered in 
the wet and dry states. Shrinkage fissures may develop, but these close on wetting and are 
included in the porosity determined in the dry state. Further investigation is required. 

^ Samples are occasionally found among fine-textured soils in which, during moisture 
equivalent determinations, the water collects on top of the soil in the box, instead of being 
thrown out by the centrifugal field. By running the centrifuge very slowly for a sufficient 
time before bringing it up to full speed, this condition can be avoided. In other words, it is 
necessary to give the secondary pores, where they are extremely fine, time to drain before 
the field becomes strong enough to collapse them. 
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water remains in the sample . For reliable results with suction methods it appears 
essential to use a silt barrier to prevent air-cutting and its consequent reduction 
of the suction force; these methods have been discussed by Schofield (15), Scho- 
field and Botellio da Costa (14), and Botellio da Costa and Alves (1). 

Moisture equivalents of monolith samples 

The foregoing conclusions should also apply to moisture equivalent determina- 
tions on monolith samples. For good agreement of observed and calculated 
values, correction must be made for nonporous stony material which has been 
partly discarded from the fragmented sample. The structural pore space is 
usually blocky [Nikiforoff's nomenclature (11)] m clayey horizons and is small 
compared to the textural. The contrast is even more pronounced after the field 
has acted upon it; the textural pore space will be saturated. The differences 
arising between the soil in the natural and in the fragmented condition will de- 
pend upon how completely the field has destroyed the secondary pore space of 
the latter. Less thorough destruction will mean larger differences. 

Experimental investigations 

To ascertain how far the conclusions reached in the foregoing discussion are 
warranted, moisture equivalents and porosities of three soils were measured by 
the ordinary centrifugal methods. These were various horizons of Miami silty 
clay loam, Miami silt loam, and Chester loam, soils that are fully described else- 
where (18). Moisture equivalents were determined on samples in monolith form 
(designated Ma ) ; and on samples in fragmented form {Mg) as is usually done for 
moisture equivalent determinations. Porosities of the soils in then natural state 
were obtained from measurements of field volume-weights of the dry soil and 
densities of total solids. Porosities were also obtained for the fragmented state. 
Tables 1, 2, and 3 show the observed and calculated data for moisture equivalents 
and porosities. Mechanical analyses of these soils were also made and are shown 
in table 4. 

The observed volume-weights and grain densities are shown in table 1 . Table 
1 also shows data® on three samples — C1671, C1672, and C1673 — of Chester 
loam taken from a location different from that of samples C6628, C6629, and 
C6630. These soils are described fully elsewhere (6). The volume-weights 
shovm are field volume-weights taken when the soil was fairly dry but not in an 
air-dried condition. 

Values of moisture equivalent measured both for fragmented and for monolith 
samples of the soils listed in table 1, are shown in table 2. Likewise, values cal- 
culated from porosities and grain densities, and also from textural data are given. 
The values for fragmented samples were measured by the usual procedure. 
Those for monolith samples were determined by an identical procedure. The 
block samples were carefully fitted to the boxes in every case. The values of Ma 
are shown both without correction and with correction for the stony material dis- 

^ « The data were taken entirely by Dr, L. B. Olmstead, who has kindly given his permis- 
sion for their use here. 
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carded in the fragmented sample. The correction is made from the value W a/ Wj 
where Ws is the weight of soil passing a 2-mm. sieve and W is the weight of the 
entire soil, including its stony content greater than 2 mm. Values of the moisture 
equivalent of the soils calculated from textural data by the normal relation of 
Olmstead (12), are shown in column 4. The textural data for samples C6615 to 
C6630 inclusive, are shoivn in table 4. For samples C1671 to C1673, mechanical 


TABLE 1 

Volume-weights and grain densities for various horizons of Miami silty clay loam, Miami 

silt loam, and Chester loam 


LABORATORY 

NUMBER 

SOIL TYPE 

HORIZON 

VOLUME \\ 

Fragmented 

rEiGHT (a) 

Natural 

GRAIN DENSITY 

(P) 




gm.fcc. 

gm.fcc. 

gm.fcc. 

C6615 


Ai 

1.00 

1.16 

2.59 

C6616 


As 

1.45 

'1.84 ; 

2.71 

C6617 

C6618 

Miami silty clay loam 

B2 

B, 

1.12 

1.37 

1.82 

1.83 

2.73 

2.74 

C6619 


c 

1.37 

1.80 

2.76 

C6620 


Vb 

1,22 

1.73 

2.74 

C6621 


Ai 

1.11 

1.12 i 

2.59 

C6622 


Aa 

1.24 

1.47 

2.67 

C6623 


As 

1.30 

1.63 

2.68 

C6624 

Miami silt loam 

Ba 

1.24 

1.73 

2.72 

C6625 


Bs 

1.19 

1.64 

2.74 

C6626 


C 

1.53 

1.85 

2.77 

C6627 


Vb 

1.23 

1.74 

2.73 

C6628 


A 

1.09 

1.24 

2.70 

C6629 

Chester loam 

B 

1.25 

1.55 

2.76 

C6630 


C 

1.23 

1.49 

2.84 

C1671 


A 


1.20* 

2.73 

C1672 

Chester loam 

B 


1.46 

2.78 

C1673 


C 


1.45 

2.80 


Data by L. B. Olmstead. 


analyses are available elsewhere (6). To calculate moisture equivalents from 
porosities, and grain densities, equation {!) can be solved, thus 



{S) 


M and P are expressed as decimals. This equation has been used to calculate the 
values listed in column 5 of table 2. P is obtained from the volume-weight and 
grain densities shovm in table 1. (The values of P used are shown in table 3, 
column 2.) 

The moisture equivalents observed for monolith samples agree better with 
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values calculated from equation (S) than do those observed on fragmented 
samples. This is to be expected since fragmented samples contain a residual 
secondary pore space after centrifuging. Monolith samples likewise contain a 
residue of the structural pore space but it is extremely small in the B and C hori- 
zons, where agreement is shown, since the structural pore space in these horizons 
is small compared to the secondary pore space of the fragmented sample. 

TABLE 2 


Summary of observed and calculated moisture equivalents of soils in table 1 


laboratory 

NUMBER 

MOISTURE EQUIVALENT* 

MOISTURE EQUIVALENT* 

Mg fragmented 

Ua monolith 

Calculated from 
equation (3) 

Calculated from 
textural data 

Not corrected 

Correctedt 


per cent 

per cent 

per cent 

per cent 

per cent 

C6615 

26 

24 

25 

32 

21 

C6616 

19 

16 

17 

17 

20 

C6617 

22 

19 

21 

IS 

23 

C6618 

24 

17 

18 

18 

25 

C6619 

23 

20 

21 

20 

25 

C6620 

23 

20 

22 

21 

24 

C6621 

29 

21 

22 

51 

24 

C6622 

24 

19 

19 

31 

21 

C6623 

23 

18 

20 

24 

21 

C6624 

25 

19 

20 

21 

25 

C6625 

27 

20 

24 

24 

25 

C6626 

17 

16 

20 

18 

17 

C6627 

25 

20 

21 

21 

25 

C6628 

29 



44 

20 

C6629 

30 



29 

21 

C6630 

26 



33 

13 

C1671 

26t 



47 


C1672 

28 



32 


C1673 

23 



33 



^ Grams of water/gram of dry soil (expressed as per cent) . 

t The correction is made from the value W^jW, where is the weight of soil passing 
a 2-mm. sieve and W is the weight of the entire soil, including its stony content greater 
than 2 mm. 

t Data by L. B. Olmstead. 

The lack of agreement for sample C-6626 probably rests on the fact that some 
of the hard material discarded during preparation is porous. The differences 
shown for the other samples are in many cases caused by remnants of the sec- 
ondary pore space persisting after centrifuging. With most of the B and G hori- 
zons the differences are not of large order. Wider divergence is shown by the 
values for the A horizons. This is expected, since the samples from this horizon 
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contain organic matter and have granular structure . Part of the difference prob- 
ably comes from water absorbed by organic matter, but the greater part arises 
from the fact that the secondary pore space does not disappear on centrifuging 
in these lighter horizons, but does lose some of its water. 

On the other hand, as is to be expected, the values calculated from textural 
data agree better with values observed for fragmented samples. The agreement 
is generally very good, except for the Chester soil, which probably presents some 
anomalies not covered by the empirical relation. 


TABLE 3 

Summary of observed and calculated 'porosities of soils in table 1 


LABORATORY 

NUMBER 

OBSERVED POROSITY 

CALCULATED POROSITY PROM EQUATION (1) 

BY USE OP 

Fragmented 

Natural 

Mg 

Ma (corrected) 


per cent 

per cent 

per cent 

per cent 

C6616 

61.4 

55 

40 

39 

C6616 

46.5 

32 

34 

32 

C6617 

59.0 

33 

38 

37 

C6618 

50.0 

33 

40 

33 

C6619 

50.2 

35 

39 

37 

C6620 

55.5 

37 

39 

38 

C6621 

57.2 

57 

43 

36 

C6622 

53.6 

45 

39 

34 

C6623 

51.5 

39 

38 

35 

C6624 

54.4 

36 

40 

35 

C6625 

56.6 

40 

43 

40 

C6626 

44.8 

33 

32 

36 

C6627 

55.0 

36 

41 

37 

C6628 

59.6 

54 

44 


C6629 

54.7 

44 

45 


C6630 

56.7 

48 

43 


C1671 


56*^ 

42 


C1672 


47 

44 


C1673 


48 

39 



* Data by L. B. Olmstead. 


Observed and calculated values of porosity are shown in table 3. Column 2 
shows the observed porosities for fragmented samples before centrifugation. 
Column 3 lists observed porosities (calculated from the volume-weights and grain 
densities of table 1) for the natural soil. The last two columns show porosities 
calculated by equation ( 1 ), from the observed values of moisture equivalent and 
grain density shown in tables 1 and 2. Only the corrected value of the mois- 
ture equivalent has been used to calculate the porosity of the monolith samples. 

The porosities of the fragmented samples differ greatly from the values ob- 
served on natural soils, except in the Ai horizons where fragmentation has been 
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insiifScient to destroy the granular structure of the natural soil. An estimate of 
the compaction produced by centrifugation can be made by comparing columns 
2 and 4, which list the results on fragmented soils. 

The differences sho'Vkm in table 3 can be largely ascribed to the degree in which 
the secondary porosity Pi has disappeared after centrifugation. The magnitude 
of the secondary porosity remaining can be computed from the values of the total 
porosity P and of the textural porosity Pt- Pt must be obtained by calculation, 
however. The last column shows values of the textural porosity (P r' ) referred to 
the volume of the aggregates only. The relation required for calculating Pj 

Pi= (P- PrO / (1 “ PtO (4) 

The values of Pj for the natural soils, obtained from the values of Py' given in 
column 5 and the values of P given in column 3 are as follows: For the Ai hori- 
zons of Miami silty clay loam (sample C6615) we find 26 per cent; for the Ai 
horizon of Miami silt loam (sample C6621) we find 32 per cent; for the A 2 horizon 
(C6622) of the same soil the value is 16 per cent; for the other horizons the sec- 
ondary porosity has mostly disappeared. The residual secondary porosity of a 
fragmented sample, after centrifuging, can be similarly calculated, and for the 
soils in table 1 varies from 3 to 10 per cent (the values of P used for these estimates 
are those for natural soils, given in column 4). 

A graphical comparison of equation (5) with experimental data is given in 
figure 4. The curve A is, in each diagram, a plot of equation (8) ; the value of 
pM = P/(l-P) is plotted as a function of P (P on logarithmic scale) . The points 
are experimental values of p M and P. 

Figure 4 includes the data of Davis and Adams (7) ; results obtained by combin- 
ing the data of Olmstead (12) with that of Middleton, Slater and Byers (9); 
and the data presented in this paper. The porosities of Greenville loamy sand 
and Greenville sandy loam were calculated from moisture equivalent data given 
by Davis and Adams (7) and compared with the corresponding porosities ob- 
served by them. Since these are sands, there is much wider divergence, except 
for the heavier horizons of Greenville sandy loam. Finally, Olmstead (12) re- 
ports moisture equivalents for certain soils whose field volume-weights and 
density of soil solids have been given by Middleton, Slater, and Byers (9) ; these 
are sufficient for the computation of values of pM and P. 

^ To derive this relation let Fj be the volume of the structural pores, Vs the volume of 
solids, and Fy the volume of the textural pores. Then F = Fj + Fg + Fy. The volume 
of the aggregates Vg is then Vg = Vs -h Fy. The textural porosity Py = Fy/F. If, how- 
ever, Pif - Fy/ (Fy -f Vs) is measured by determining the ratios of the void space Fy to 
the total (Fy 4- Vs) occupied by the voids and their associated solids, correction is required. 
This, for example, would be done in a fragmented sample of heavy soil where the water re- 
quired to saturate the single fragments is made by a moisture equivalent determination and 
the weight of dry soil is determined by weighing. 

From the definition of porosity, Pj = P — Py. Since Py^ only has been measured, a 
transformation to a new expression involving only Py/ is required . To do this, it is to be ob- 
served that (Py//Py) = F/(Fy + Vs) or Py//Py - l/(Py -f Ps) . Now Ps - 1 - P ; replac- 
ing Pi? by this value and solving, we find Py = [(1 - P)/(l - Py/)]Py/, Hence, Pj = 

(B - Pw)/(1 - BrO* 
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Figure 4-1 shows data for the As and B horizons of the monolith samples (Mi- 
ami silty clay loam and Miami silt loam). Figure 4-3 shows all data for B 
horizons of heavy soils in which swelling is not appreciable. Figure 4-2 shows the 
remaining data. All of the data in figure 4-2 lie above curve A. The straight 
line B has been dravm through the data but has no theoretical foundation as far 
as this investigation goes. 


TABLE 4 

Mechanical analyses of certain Miami and Chester soils 


LABORATOSy 

NUMBER 

BINE 

GRAVEL 

2-1 

MM. 

COARSE 

SAND 

1-0.5 

M'M. 

MEDIUM 

S.AND 

0.5-0.25 

MM. 

BINE 

S-WD 

0.25-0.1 

MM. 

VERY 

BINE 

SAND 

0.1-0.05 

MM. 

SILT 

0,05-0.002 

MM. 

CLAY 
0.002-0 
MM. ' 

ORGANIC 

MATTER 

BY 

H 2 O 2 

MIN- 

ERAL 

MATTER 

DIS- 

SOLVED 

BY 

H 2 O 2 

RELATIVE 

WEIGHT 

OB SOIL 
<2 MM. 

WdW 


per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent] 

per cent 



Miami silty clay loam 


C 6616 

! 1.4 

4,9 

8.5 

15.1 

11.2 

1 39.6 

13.8 

i 5.1 

0.4 

.968 

C 6616 

1.4 

4.1 

6.5 

15.0 

10.7 

38.7 

22.5 

0.9 

0.2 

.927 

C 6617 

0.8 

3.2 

5.2 

12.7 

9.4 

36.6 

31.3 

0.7 

0.1 

.896 

C 6618 

1.1 

2.6 

3.7 

10.5 

8.6 

36.7 

36.4 

0.3 

0.1 

.962 

C 6619 

0.9 

2,2 

3.0 

9.1 

7.9 

41.3 

35.1 

0.3 

0.2 

.936 

C 6620 

1.1 

2.9 

4.2 

10.5 

10.0 

36.0 

34.2 

0.6 

0.1 

.916 


Miami silt loam 


C 6621 

0.7 

3.4 

5.0 

11.4 

6.7 

50.3 

16.5 

5.5 

0,5 

.974 

C 6622 

0.9 

3.4 

5.4 

11.9 

7.0 

51.4 

18.0 

1.6 

0.4 

.990 

C 6623 

1.0 

3.3 

5.3 

11.0 

7.3 

50.7 

20.4 

0.8 

0.2 

.921 

C 6624 

1,5 

3.9 

5.6 

11.4 

7.9 

33.0 

35.9 

0.6 

0.2 : 

.932 

C 6626 

3.0 

5.1 

6.0 

13.2 

8,6 

25.1 

38.2 

0.6 

0.2 

.836 

C 6626 

5.2 

6.8 

6.2 

13.3 

11.7 

38.9 

17.6 

0.2 

0.1 

.802 

C 6627 

2.1 ' 

4.7 

6.3 

13-0 

8.0 

27.7 

37.2 

0.8 

0.2 

.937 


Chester loam 


C 6628 

0.6 

2.5 

5.6 

14.2 

8.6 

47.8 

1 19.9 

0.6 

0.2 

.992 

C 6529 

0.3 

1.9 

4.7 ' 

11.5 

8.4 

49.7 

23.1 

0.3 

0.1 

.978 

C 6630 

1.8 

6.2 

5.2 

17.0 

21.4 

41.4 

8.0 

0.0 

0.0 

.994 


FIELD CAPACITY AND NORMAL MOISTURE CAPACITY 

The foregoing discussion sheds some light on the relation of field capacity and 
moisture equivalent. With soils that swell but slightly, the problem is one of 
texture and of the relative magnitudes of the controlling fields. With coarser- 
textured soils such as sands, a force field of 1 gravity will not remove as much 
water as one of 1000 gravity ; hence field capacity is, for these soils, greater than 
their moisture equivalent. With fine-textured soils such as clays, differences are 
small, since neither field is capable of removing water from the textural pore 
space. Such as do occur arise from alterations of the secondary pore space. 
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Field capacities may be slightly lower, because the undisturbed secondary pore 
space may permit drainage under a force field of 1 gravity, and when subjected 
to a field of 1000 gravity, it may be reduced to a size sufficiently small to prevent 
drainage, and hence retain water. 

The water-retention capacities of soils could be compared at 1 gravity if it were 
not for the variable secondary pore space introduced by the fragmentation of a 
soil. A field of 1000 gravity applied to a wet soil is sufficient to destroy most of 
the pore space and restore the soil to a state near its original field condition [com- 
pare with the work of Briggs and McLane (5)] . Thus, if a column of fragmented 



(P ON Logaeithmic Scale) 

1, monoliths; 2, soils that swell, and sands; 3, soils of small swelling. Curve A is the 
theoretical curve in each diagram; the points shown are experimental. Curve B of diagram 
2 is drawn through the data but no analysis is given for it. 

clay soil is allowed to drain at 1 gravity the water retained mil be variable and 
amount to as much as twice the moisture equivalent. This represents storage of 
water by the secondary pore space, existing between the fragments. Caution 
rnust be taken when one attempts to attach significance to such phenomena, 
since no such pore space exists in the natural soil, and, at best, that existing in a 
fragmented soil is a somewhat variable quantity. Cultivation, for example, 
produces fragmentation which is only temporary. 

On the other hand, retention measurements such as, for example, that called 
by Shaw “normal moisture capacity” (16) have value. The water absorbed lies 
almost completely within the fragments, with but little in the secondary pore 




EFFECT OF PHYSICAL CONDITIONS ON MOISTUEE CONSTANTS 


15 


space unless the fragments are nonporous. In clay soils the moisture equivalent 
and normal moisture capacity should and do have almost identical values (12), 
since each substantially measures the saturation value of soil fragments. 

SUM3VIAEY 

A discussion of soil moisture constants in the upper capillary range has been 
presented from the standpoint of soil physical conditions. 

Some evidence has been presented which indicates that the water of a heavy 
soil, which does not swell appreciably, is, at moisture equivalent, largely contained 
in the textural pore space. At this moisture point the textural pore space is 
saturated, or nearly so. Conditions prevailing in a sand at moisture equivalent 
are quite different. The pore space is not usually saturated. 

Formulas are given for calculating the porosity of a heavy soil when its moisture 
equivalent and volume-weight, or moisture equivalent and density of its solids, 
are knovm. The conclusions are based on limited data, and extensive study 
probably must be made to establish with certainty the behavior here postulated. 

Just as soil physical conditions are important in transfer processes such as the 
passage of heat or water, so they must be considered when moisture constants of 
the upper capillary range, such as moisture equivalent, field capacity, and normal 
moisture capacity, are measured or used. 
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This experiment to determine the influence of various fertilizers on the ac- 
cumulation of root materials under closely clipped bent grass and upon the quality 
of turf is a continuation of an experiment reported by DeFrance (2) in 1938, 
showing the results of 5 years of observation of the effect of different fertilizer 
ratios on Rhode Island (Colonial), creeping, and Piper velvet bent grasses. In 
general DeFrance’s conclusions were that a fertilizer with a 10-6-4 ratio was the 
most satisfactory of those tested. Twenty per cent of nitrogen in the fertilizer 
gave the highest quality ratings for vigor, color, and density, but the turf be- 
came too spongy for practical putting green conditions. Fertilizer with 5 per 
cent nitrogen produced the finest textured grasses, but they were more susceptible 
to invasion by clover and -weeds. Medium amounts of phosphorus tended to 
complement the beneficial effects of nitrogen, but larger amounts of phosphorus 
encouraged weeds. The addition of potassium appeared to have little effect 
upon the qualities estimated in the experiment, but encouraged the growth of 
clover. 

Since these plots were in good condition and had been in operation since 1932^ 
it was believed that an investigation of the accumulation of roots under these 
same treatments might lead to interesting findings. The effects of fertilizer 
treatments on the accumulation of grass roots under putting green conditions 
were previously considered by Evans (3) in England and by Sprague (7) of New 
Jersey. To obtain additional evidence concerning the effect of fertilizer treat- 
ment upon root accumulation, plugs of sod were removed periodically during 
1939, 1940, and 1941, and estimates of root weights were made. 

It must be made clear that the investigators were not measuring the effect of 
the various fertilizers on root growth, because the root mass of grasses consists 
of both living and dead roots. Sprague’s (7) data gave evidence of this fact, 
since he found that soil treatments which produced an acid reaction in the soil, 
below pH 5.5, were associated -with high root yields. Since the vigor of the tops 
was inversely correlated with root abundance, and many of the grass roots in 
the strongly acid soils appeared to be dead, the conclusion was drawn by Sprague 
that the roots produced in previous years had accumulated because the soil re- 
action was not favorable for their decay. 

The active roots of bent grasses as well as of many other grasses are renew^ed 
annually. Stuckey (8) has recently reported evidence on the seasonal activity 

1 Contribution No. 638 of the Rhode Island Agricultural Experiment Station, Kings- 
'■ton, R. I,' ; ■ 

2 This work was initiated and was executed until 1936 by H. F. A. North. 

17 ■ 
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of grass roots. Lyon and Buckman (4), summarizing the relationship between 
pH and the activity of bacteria and actinomyces, write that below pH 5.5 these 
organisms are inactive, and slow decay is brought about by fungi. Since most 
bent grasses grow at pH ranges from 4.8 to 5.5, it is to be expected that decay will 
be slow, and large quantities of roots will accumulate. It should be clear then that 
by sampling a putting green sod one does not obtain a measure of either growth or 
decay but an indication of the state of equilibrium between these two opposite 
phenomena. 

The fertilizer treatments used are designated as follows : 


10- 6-4 

Standard 

5- 6-4 

Low nitrogen 

20- 6-4 

High nitrogen 

10-12-4 

High phosphorus 

10- 0-4 

Low phosphorus 

10- 6-8 

High potassium 

10- 6-0 

Low potassium 

10- 0-0 

Low phosphorus and potassium 


The grasses were randomized in triplicate blocks to overcome any heteroge- 
neity of the soil, and each fertilizer treatment was triplicated on each species of 
grass. The grasses used were R. I. bent (Agrostis tenuis), Washington creeping 
bent {A. palustris), and Piper velvet bent (A. canina). 

The fertilizer mixtures contained three carriers of nitrogen: 50 per cent was 
furnished by ammonium sulfate, 30 per cent by activated sludge, and 20 per cent 
by nitrate of soda. The phosphorus w^as obtained from superphosphate, and the 
potassium from muriate of potash. The seasonal rate of application approxi- 
mated 1500 pounds of fertilizer per acre. Four applications were made the first 
week of each of the following months: April, 30 per cent of total; May, 20 per 
cent ; July, 20 per cent ; and September, 30 per cent. Compost w^as applied during 
the same periods on all the bent greens, but Washington creeping bent was also 
composted in June and August in order to keep the green firm. The plots were 
mowed three times a week during the growing season at a height of J inch, and 
the clippings were removed. Further cultural details are given in the paper by 
DeFrance (2). 

METHOD OF OBTAINING ROOT WEIGHTS 

The following technique was used in obtaining the samples. A steel tube with 
an opening f inch in diameter was inserted into the ground to a depth of 8 inches. 
During 1939 and 1940, three samples were removed from each plot at each sam- 
pling date. Since each treatment was in triplicate, nine samples altogether rep- 
resented each fertilizer ratio at each sampling date for each species of bent grass. 
During 1941, five plugs were removed from each plot, making a total of 15 plugs 
from each treatment at each date of sampling. The top inch of each plug was 
cut off and discarded because of the great accumulation of stems and leaves near 
the surface. The use of compost several times a year for many years helps bury 
this part of the grass. Sprague (7) also discarded the tops of his sod plugs for 
similar reasons. 
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The plugs of sod were carefully separated from soil by placing them on a wire 
screen where they were washed with a gentle stream of water from a hose. After 
washing, the roots were rapidly dried at 70°C., then they were placed in porcelain 
crucibles and dried to constant weight at 100°C, Each crucible of roots was 
then ignited at dull-red heat until the organic material was completely ashed. 
The loss on ignition is used as a measure of the organic portion of the roots in 
each plug. Loss of weight on ignition is believed to be a more satisfactory 
method of estimating root weights than simply using dry weights, since the dry 
weight includes much very fine sand which clings to the roots. 

The data shomng weight of roots were obtained by changing the weight of loss 
on ignition to pounds per 1000 square feet of area. The results obtained each 
year for each species of bent grass were analyzed at each sampling period for 
significance by the analysis of variance technique. With Washington creeping 
bent the odds were nearly always 19:1 or better that a significant difference oc- 
curred in root weights as a result of different fertilizer ratios. Rhode Island bent 
and velvet bent approached this level of significance but seldom exceeded it. In 
order to minimize the effects of experimental error which were operating in the 
individual analyses, an average was obtained for each species of bent grass for 
each ratio over the 3-year period, 1939 to 1941. In each of these 3-year averages, 
117 individual samples are included for each fertilizer ratio mth each species of 
grass. 

These averages are presented in table 1 along with data for the green weights 
of tops, average quality factors, pH values, and incidence of white clover. The 
figures representing weights of tops are expressed as grams of clippings produced 
per day. No complete clipping record was kept, but samples were taken at in- 
tervals during the experiment. The quality factors average was calculated by 
averaging the quality estimates for vigor, color, and density made during the 
years 1939, 1940, and 1941. This quality factor represents in general the visible 
influence of each ratio on the bent grasses. The relative amount of clover for 
each treatment is obtained from the 3 year average of the clover estimated to be 
present in the plots. 


RESULTS AND DISCUSSION 

The data in table 1 indicate that Piper velvet bent accumulated more roots 
then either Rhode Island bent or Washington creeping bent. The latter two 
grasses were similar in production of roots. It is interesting to note that velvet 
bent grass becomes ^Toot bound, and increasing amounts of nitrogen failed to 
change significantly the weight of roots that accumulated. Why this happens 
is not Imown, but either velvet bent roots grow faster or they are more difficult 
to decompose than those of the other two grasses. High nitrogen increased to a 
highly significant degree the quantity of roots of Rhode Island bent. Wash- 
ington creeping bent produced the smallest quantity of roots at the 5 per cent 
nitrogen level in the fertilizer and responded significantly to each increase in 
nitrogen. With each 5 per cent increase in nitrogen the acidity increased by 0.2 
of a pH unit, and the yields of clippings and the quality of the turf increased sig- 
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nijacantl3^ It was manifest in these experiments that increasing the nitrogen im- 
proved the quality of the turf and increased the rate of growth. The data sub- 
stantiate these observations. A definite increase in acidity as shown by a 
decrease of 0.2 of a pH unit might inhibit to a certain extent the microorganisms 
responsible for the decomposition of dead roots. On the other hand, increasing 
the amount of nitrogen given to the Rhode Island bent grass or Washington 
creeping bent may have caused an increase in roots as well as tops, so that more 

TABLE 1 


Effect of various fertilizer ratios on the accumulation of roots, quality of turf, yield of tops, and 

pH of soil 


FERTILIZER 

ROOTS PER 1000 SQUARE FEET OF AREA 

AVERAGE 

QUALITY 

FACTOR* 

AVERAGE 
DAILY 
GROWTH OF 
TOPSf 

1940 

AVERAGE 

pH 

RELATIVE 
AMOUNT OF 
WHITE 

cloverJ 

R. 1. bent 

Piper velvet 
bent 

Washington 

creeping 

bent 


Ihs. 

Ihs. 

Ihs. 


gni. 



10- 0-0 

102 

316 

120 

78 

40.90 

5.58 

fi 

N 








5- 6-4 

108 

323 

80 

73 

44.71 

5.63 

54 

10- 6-4 

114 

323 

113 

84 

50.64 

5.42 

15 

20- 6-4 

138 

317 

164 

89 

68.78 

5.26 

1 

P 








10- 0-4 

115 

340 

124 

80 

47.07 

5.59 

21 

10- 6-4 

114 

323 

113 

84 

50.64 

5.42 

15 

10-12-4 

101 

318 

104 

84 

51.67 

5.60 

26 

K 








10-6-0 

103 

291 

104 

81 

45.40 

5.45 

4 

10- 6-4 

114 

323 

113 

84 

50.64 

5.42 

15 

10- 6-8 

114 

330 

120 

84 

48.56 

5.42 

20 

Difference necessary 








for significance 








19:1 

12.6 

11 

19.8 

2.5 

7.13 



99:1 

17.5 

15.4 

27.5 

3.5 

9.92 




* Calculated by averaging quality estimates for vigor, color, and density during 1939, 
1940, and 1941. 

t Clippings produced. 

t Obtained from 3-year average of clover estimated to be present in plots, 

growth and slower decay complement each other in causing a significant increase 
in root accumulations. 

The comparison of phosphorus treatments shows that for each species of grass 
a definite decrease in weight of accumulated roots took place with an increment 
of P2O5 from 0 to 6 per cent in the fertilizer and also from 6 to 12 per cent. The 
decrease in weight from that found for the 10-0-4 ratio to that reported for 10- 
12-4 is highly significant for each species of bent grass. The data do not justify 
definite conclusions, but the addition of phosphorus need not be regarded as I'e- 
ducing the growth of the grass roots, but rather by making conditions more fa- 
vorable for the decay of dead roots. It is fairly well established that not pH alone 
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but also the calcium concentration may have a decided influence on micro- 
organic activity in soil. The pH data show no evidence that superphosphate has 
influenced the acidit}^ significantly. The amount of calcium in a soil treated for 
several years with a 10-12--4 fertilizer formulated with ordinary superphosphate 
would be considerable, since 20 per cent superphosphate has a CaO content rang- 
ing from 27 to 30 per cent. 

Analyses^ presented in table 2 show that even in the control plot there was a 
seemingly adequate amount of available phosphorus. These data, obtained in 
the fall of 1942, 10 years after the experiment was started, indicate the residual 
effects of the various fertilizers on available phosphorus. Though they were not 
obtained at the same time as the root samples, they throw some light on the 
amount of phosphorus that may have existed at the time the samples were taken. 
The Truog and Me^^er (9, 10) method for determining the readily available frac- 

TABLE 2 

Available Phosphorus in grass plots at various depths 
Results in pounds per acre 


AVAILABLE PHOSPHORUS 


PERTILIZER 

Rhode Island bent 

Piper velvet bent 

Washington creeping bent 

Average 


1-3" 

3-5" 

5-7" 

1-3" 

3-5" 

5-7" 

1-3" 

3-5" 

5-7" 

1-3" 

1 3-5" 

, 5-7" 

10- 0-0 

114 

38 

34 

86 

60 

20 

73 

67 

39 

91 

^ 55 

31 

10- 0-4 

116 

36 

26 

131 

51 

21 

102 

50 

38 

116 

46 

1 28 

10- 6-0 

180 

41 

43 

214 

116 

62 

179 

58 

37 

191 

72 

44 

10- 6-4 

221 

44 

27 

234 

134 

58 

207 

73 

38 

221 

84 

41 

10- 6-8 i 

206 

41 

30 

258 

130 

42 

177 

67 

38 

214 

79 

37 

5- 6-4 

242 

46 

42 

214 

92 

26 

242 

68 i 

32 

233 

69 

33 

20- 6-4 

148 

40 

36 

178 1 

92 

52 

120 

70 

33 

149 

67 

40 

10-12-4 

298 

70 

40 

201 

167 

52 

290 

125 

42 

263 

121 

45 

Average.. 

191 

45 

35 

190 

105 

42 

174 i 

72 

37 

185 

74 

38 


tion of phosphates ivas modified to prevent interference by the rather large quan- 
tities of lead arsenate that had been applied. The arsenic was reduced with so- 
dium bisulfate as recommended b3^ Zinzadze (11) . The accuracy of the technque 
was verified by the analysis of synthetic solutions. Each sample tested was a 
composite of ten cores. The top inch of sod was discarded and the remainder 
of each core was cut in 2-inch sections. The sections were air-dried and passed 
through a 20-mesh sieve to remove gravel and coarse roots. A considerable por- 
tion of the recent applications undoubtedly were discarded in the top inch of sod. 

These data give the impression that phosphorus, even in the low-phorphorus 
plots, was available in adequate amounts to promote the growth of bent grasses. 
Sommer (6) and others have found that 1 to2 p.p.m. of phosphorus in nutrient so- 
lution may be adequate for the growth of plants. Truog (9) placed the tentative 

^ These analyses were made by J. Rynasiewicz, of the department of agricultural 
■chemistry. 
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limits for adequate phosphorus as 60-75 pounds per acre of the furrow slice, 
Morgan (5) has classified bent grasses and putting greens as low in phosphorus 
requirement. A clear-cut relationship between root accumulations and amount 
of available phosphorus is not apparent. Sprague (7) also found a lack of cor- 
relation between root growth of grasses and the phosphorus content of the soil. 
The soil from plots treated with a 20-6-4 fertilizer contained less available phos- 
phorus than any of the others treated with fertilizer containing 6 per cent P 2 O 6 . 
The increased growth of grass due to high nitrogen may have used up more of the 
available phosphate. 

Applications of phosphates in the fertilizers affected primarily the 1- to 3-incli 
zone of soil. This is to be expected, since mineral phosphates are known to pene- 
trate slowly into soils . Also, the phosphates which are absorbed and translocated 
from lower levels may be released by decay from plant residues on the surface, 
thus adding to the amount present near the surface. Evidence of this is found 
in the plots receiving no phosphate in the fertilizer. 

It is interesting to note in table 2 that the average quantities of available phos- 
phorus for all types of fertilizer treatments were similar in the 1- to 3-inch zone 
for each type of grass. The same holds true for the available phosphorus in the 
5- to 7-inch level of soil. A wide difference, however, exists in the average 
amounts of P2O5 found in the 3- to 5-inch level under the three kinds of bent 
grasses. At this level, the average is only 45 pounds of P 2 O 6 per acre under R. 1. 
bent, whereas it is 105 pounds under Piper velvet, and 72 pounds under creeping 
bent. This suggests that the roots of R. I. bent are most effective in collecting 
phosphorus from this soil zone, creeping bent is intermediate, and Piper velvet 
least effective. 

During the 3 years 1939, 1940, and 1941 a moderate amount of phosphorus 
had a significant effect on the quality of the turf when properly balanced with 
10 per cent nitrogen. Where the 5-6-4 fertilizer w^as used, the poorest quality 
turf resulted. The Piper velvet bent plots are still in existence and the visible 
differences in quality between the 5-6-4 and the 10-6-4 is very evident, the 10-6- 
4 being better by far. This adds emphasis to the belief that, to grow^ good- 
quality turf, attention must be given to the ratio of nitrogen to phosphorus in the 
complete fertilizer. Two parts of nitrogen to one of phosphoric acid should give 
a good balance. 

Adding 4 per cent potash (K 2 O) in the fertilizer without any phosphate caused 
a significant increase in root w'eights for Rhode Island bent and velvet bent. In- 
creasing the potash (K 2 O) in fertilizer containing phosphorus from 0 to 4 per cent 
caused an increase in root accumulation. This increase is highly significant sta- 
tistically only in the case of velvet bent. As no significant difference in pH existed 
between plots receiving 10-6-0, 10-6-4, and 10-6-8, it cannot be claimed that 
the differences in this case are due to differences in pH. It is possible, of course, 
that increasing the potassium had so favorable eff ect on root growth that growth 
outstripped decay. A moderate amount of potassium had a favorable influence 
on the quality of the turf , but did not significantly influence the daily production 
of clippings. 



INFLUENCE OP FERTILIZEKS ON TURF 


23 


Sprague (7) in his paper points out that the vigor of the tops was inversely cor- 
related with root abundance. With the creeping bents studied, he found that 
large quantities of roots accumulated where the pH value of the soil was 5.5 or 
lower and that low pH and large quantities of roots were associated with low- 
quality turf. The nitrogen series of this experiment shows a positive correlation 
between the quality of the turf and increasing nitrogen. In the case of Ehode 
Island bent grass and Washington creeping bent an increasing weight of roots is 
associated with improved quality of the turf. This seems contrary to the find- 
ings of Sprague. On the othe hand, the results in the phosphorus series (10-0-4 
to 10-6-4) show a slight increase in quality vuth decreasing weight of roots, which 
is similar to Sprague’s findings. The results showing accumulation of roots in 
the potassium series are again in opposition to the results in the phosphate series, 
since an increase in root weights is accompanied bj?' an improvement in the quality 
of the turf. Reference to Piper velvet in the nitrogen series shows no significant 
difference for root weights among the 5-6-4, 10-6-4 and 20-6-4 fertilizers, but 
the improvement in quality of the turf is correlated with increasing amounts of 
nitrogen to a liighly significant degree. From these relationships it seems ap- 
parent that root accimulations cannot be used as a guide to quality of turf. It 
is possible to maintain a putting green of suitable quality despite root accumula- 
tion and soil acidities ranging in pH from 5.2 to 5.6 if the proper kind of fertilizer 
is applied in sufficient quantities throughout the growing season. 

The data in table 1 indicate that the nitrogen balance and the available potas- 
sium are both factors that influence the growth of white clover in putting greens. 
Since white clover is considered undesirable in a putting green, its control by 
fertilization should save many hours of Aveeding. The highest incidence of clover 
occurred where the 5-6-4 fertilizer ratio was used. With a 10-6-4 fertilizer the 
amount of clover found was moderately small, and with a 20-6-4 fertilizer white 
clover could scarcely survh^e. Also, in the absence of potassium in the fertilizer 
white clover had little poAver to invade the putting green. The evidence that 
phosphorus has influenced the clover in this experiment is not great. On the 
average, more clover appeared in the low-phosphate plot than in the 10-6-4 plot, 
in spite of less available phosphate being shoAvn for the 10-0-4 plots. Quite 
possibly satisfactory putting greens could be maintained by applying a complete 
commercial fertilizer (10-6-4) only once during the groAving season. The other 
top-dressings could be made Avith a mixture of the three nitrogen carriers when 
required. This Avould promote the groAvth of a high-quality turf without the 
addition of enough potassium to encourage Avhite clover. Bengtson and Davis 
(1) have reported that potash applied to moderately acid plots usually has been 
accompanied by a decided reduction in the control of Avhite clover. 

CONCLUSIONS 

Increasing the amounts of nitrogen or potassium applied to bent grass putting 
greens may increase the Aveight of accumulating roots, whereas large amounts of 
phosphorus may reduce root accumulations. The state of equilibrium betAveen 
the growth and decay of grass roots does not materially affect the quality of the 
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turf if adequate nitrogen, balanced with a moderate amount of phosphorus and a 
small amount of potassium, is applied at suitable intervals. 
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A knowledge of the nitrogen, phosphorus, calcium, and magnesium contents 
of sugar beets, cro’\Ams, and leaves is important for the following reasons: (a) 
High nitrogen and mineral contents of the beet are objectionable from the sugar 
manufacturers’ standpoint ; (b) the nitrogen and phosphorus contents of the leaves 
and other sections of the plants are measures of the quantities of these elements 
taken from the soil ; (c) a knowledge of the nitrogen and mineral constituents of 
the sections of the plant is valuable in determining how beets should be topped; 
(d) the nitrogen and mineral contents of the crowns and leaves may provide a 
rough index of the nutritive or manurial value of these sections of the plant. 

ANALYSIS OF SAMPLES^ 

Total nitrogen, phosphorus, calcium, and magnesium were determined ac- 
cording to the official methods for plant analysis. Duplicate determinations 
were made on all samples, and the averages of closely agreeing determinations 
were used. 

Average percentages of total nitrogen, calculated to dry basis, in leaves, crowns, 
and beets from sugar beet plants grown in 1939 under various fertilizer treat- 
ments are presented in table 1. 

The percentages of nitrogen varied in the different sections of the plant. They 
were more than four times as high in the leaves as in the beets and varied from 
less than twice as high in crovm section Cs to more than twice as high in Ci, as in 
the beet proper. 

The average percentages of nitrogen in the various sections of the plants ma- 
nured and fertilized with ammonium sulfate were higher than those in the plants 
nonmanured and unfertilized with ammonium sulfate. 

The pounds of nitrogen in the various sections of the plants grown under differ- 
ent fertilizer treatments have been calculated from the actual yields per acre and 
the percentages of nitrogen found by analysis. The results are given in table 2. 

The total nitrogen in the leaves of plants grown on the ammonium sulfate and 
manured plots was invariably higher than it was in the beets proper. 

Should one purchase a nitrogen fertilizer, paying $0.15 a pound for the nitro- 
gen, the equivalent of that found in the beet tops and crowns taken from 1 acre 
of the manured or ammonium-sulfate-fertilized soil, the cost would be $9.69. 
The nitrogen from the unfertilized acre would cost $4.14. This has been removed 
from the soil by the beets, thus leaving the soil poorer to this degree. If the 

^ The nature of the field on which the beets were grown and the methods of samplmg 
are given in a previous paper (1). 
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leaves and crowns were plowed under, they would be decomposed by bacteria 
and made available for future crops. If the crowns and leaves were fed and all 
the solid and liquid manure returned, the soil would have repossession of approx- 

TABLE 1 


Percentages of nitrogen in leaves, crowns, and beets, calculated to dry basis, product in 19S9 with 

various fertilizers 


BLOT 

TREATMENT 

NITROGEN 

Leaves 

Crown Section j 

Beets 

Cl 

C 2 

C 3 

29 

Check V 2 

2.38 

1.34 

1.19 

1.00 

0.57 

36 

Check Vi 

1.80 

1.21 

1 1.07 

0.86 

0.53 

37 

Manure 

2.30 

1.41 

1.22 

1.05 

0.59 

38 

Manure, phosphorus, sulfur 

2.76 

1.43 

1.33 

1.11 

0.65 

39 

Gypsum 

2.22 

1.14 

0.99 

0.83 

0.54 

40 

Nitrogen 

2.37 

1.30 

1.14 

0.92 

0.54 

41 

Phosphorus 

1.87 

1.08 

0.98 

0.84 

0.40 

42 

Potassium 

2.05 

1.03 

0.91 

0.78 

0.45 

Average of nitrogen- and manure- 






fertilized 

2.48 

1.38 

1.23 

1.03 

0.59 

Average of non-nit rogen-fertilized 

2.06 

1.16 

1.03 

0.86 

0.50 


TABLE 2 

Total nitrogen in leaves j crowns, and beets of plants grown with various fertilizers 


Nitrogen in pounds per acre yield calculated to dry basis 


PLOT 

TREATMENT 

NITROGEN 

Leaves 

Crown section 

Beets 

Cl 

Ca 

Cs 

29 

Check V 2 

17.00 

1.42 

1.86 

1.83 

29.6 

36 

Check Vi 

16.97 

0.93 

1.40 

1.39 

25.5 

37 

Manure 

57.90 

2.39 

3.25 

3.47 

49.9 

38 

Manure, phosphorus, sulfur 

75.34 

2.93 

4.15 

5.12 

53.7 

39 

Gypsum 

25.24 

0.97 

1.23 

1.34 

24,0 

40 

Nitrogen 

35.05 

1.15 

1.42 

1.73 

25.0 

41 

Phosphorus 

23.07 

0.91 

1,42 

1.78 

33.2 

42 

Potassium 

34.62 

1.15 

1.51 

1.84 

23.7 

Average of nitrogen- and manure- 






fertilized 

56.09 

2.16 

2.94 

3.44 

42.87 

Average of nonnitrogen-fertilized 

23.38 

1.08 

1.48 

1.64 

27.20 


imately three fifths of the nitrogen and one half of the phosphorus. Hence, the 
crowns and leaves have cost the producer from $4.14 to $9.69 per acre in soil 
nitrogen and thus should be worth approximately that much to him. 

The average amount of nitrogen in beets, crowns, and leaves produced on 1 
acre with manure or ammonium suKate was 108 pounds, 39.7 per cent of which 
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was in the beet. The average pounds of nitrogen removed in the complete 
crop, from the nonnitrogen- and nonmanure-fertilized plots was 54.8 pounds, 
50 per cent of which was in the beets. Therefore, ammonium sulfate and manure i 
fertilizers tend to increase the nitrogen in the leaves to a greater extent than they 
do in the beet proper. Hence the protein nutritive value of leaves of beets grown 
with these fertilizers should be superior to that of beet leaves produced without 
fertilizers. 

The percentages of phosphorus were greatest in the leaves and least in the 
beets. The percentages in the crowns decreased as the distance from the leaves 
increased. With the exceptions of the leaves the average percentages of phos- 
phorus in the comparable sections of the manured and phosphorus-fertilized 

TABLE 3 


Average percentages of phorphorus in leaves, crowns, and beets, calculated to dry basis, produced 
on one acre with various fertilizers 


PLOT 

TREATMENT 

PHOSPHORUS 

Leaves 

Crown Section j 

Beets 

Cl 

C2 

C3 

29 

Check Vj 

0.090 

0.083‘ 

0.066 

0.054 

0.035 

36 

Check Vi 

0.087 

0.090 

0.078 

0.058 

0.041 

37 

Manure 

0.119 

0.169 

0.149 

0.127 

0.092 

38 

Manure, phosphorus, sulfur 

0.167 

0.189 

0.170 

0.150 

0.105 

39 

Gypsum 

0.125 

0.087 

0.073 

0.060 

0.048 

40 

Nitrogen 

0.126 

0.093 

0.078 

0.066 

0.043 

41 

Phosphorus 

0.182 

0.188 

0.152 

0.143 

0.098 

42 

Potassium 

0.173 

0.126 

0.116 

0.101 

0.074 

Average of phosphorus- and manure- 






fertilized 

0.156 

0.182 

0.157 

0.140 

0.098 

Average of nonphosphorus- and non- 






manure-fertilized 

0.120 

0.096 

0.082 

0.068 

0.048 

Average of all 

0.134 

0.128 

0,110 

0.095 

0.067 


beets were approximately twice as great as in the sections of the nonmanuredor 
nonphosphorus-fertilized beets. 

The beets grown on the manured soil were as rich in phosphorus as were those 
receiving a liberal supply of soluble phosphorus. 

The potassium fertilizer increased the percentages of phosphorus of the beets 
over that found in the check plots. 

The ammonium sulfate fertilizers caused an increased concentration of nitro- 
gen in the leaves whereas the phosphorus fertilizers caused an increased concen- 
tration of phosphorus in the beets proper. 

If one were to purchase, at $0.12 a pound, the equivalent of the phosphorus in 
the manured and phosphorus-fertilized crop of leaves, crowns, and beets grown 
on 1 acre, it would cost $1.56. Approximately 37 per cent of the phosphorus is 
in crowns and leaves. The phosphorus in the crop of leaves, crowns, and beets 
produced on 1 acre without phosphorus or manure fertilizer would cost $0.51. 
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Hence, though the cost of commercial nitrogen for the production of sugar beets 
may be prohibitive, the cost of the phosphorus is not. The value of the phos- 
phorus in the beet tops and crowns produced on 1 acre mth the phosphorus fer- 
tilizer should be worth $0.58, as a fertilizer or a feed, whereas these products from 
the nonphosphorus-fertilized beets should be worth only $0.25. These figures 

TABLE 4 

Average phosphorus content of leaves, crowns, and beets, of plants grown with various fertilizers 


Phosphorus in pounds per acre yield, calculated to dry basis 


PLOT 

TREATICENT 

PHOSPHORUS 

Leaves 

j CrowH Section. j 

Beets 

Cl 

Ca 

C* 

29 

Check Vs 

^ 0.72 

0.088 

0.102 

0.097 

1.79 

36 

Check Vi 

0.82 

0.069 

0.098 

1 0.094 

1.95 

37 

Manure 

2.98 

0.24 

0.39 

0.43 

7.74 

38 

Manure, phosphorus, sulfur 

5.89 

0.37 

0.53 

0.68 

8.63 

39 

Gypsum 

1.39 

0.073 

0.090 

0.096 i 

2.10 

40 

Nitrogen 

1.87 

0.083 

0.097 

0.124 

2.03 

41 

Phosphorus 

2.24 

0.22 

0.21 

0.30 1 

8.13 

42 

Potassium 

2.93 

0.14 1 

0.19 

0.24 

3.91 

Average of phosphorus- and manure- 






fertilized 

3.70 

0.28 

0.38 

0.47 

8.17 

Average of nonphosphorus- and non- 






manure-fertilized 

1.55 

0.09 

0.12 

0.13 

2.36 

Average of all 

2.36 

0.16 

0.21 

0.26 

4.54 


TABLE 5 


Distribution of the phosphorus in leaves, crowns, and beets produced on 1 acre 



PHOSPHOEUS- 

PERTILIZED 

NONPHOSPHOEUS- 

PERTILIZEU 

Total pounds phosphorus 

per cent 

13.08 

per cent 

4.25 

55.53 

2.12 

2.82 

3.06 

36,47 

Percentage of total in beet 

62.85 

Percentage of total in crown section Ci 

2.15 

Percentage of total in crown section Co 

2.92 

Percentage of total in crown section Cs 

3.63 j 

Percentage of total in leaves 

28.46 1 



represent the amount the producer has depleted his soil of phosphorus in the pro- 
duction of the leaves and crovms. 

The phosphorus- and manure-fertilized beet crop has removed from 1 acre 
annually 13 pounds of phosphorus, and the nonphosphorus- nonmanure-fer- 
tilized beet crop has removed only slightly over 4 pounds of phosphorus. The 
distribution of this phosphorus in the various sections of the beets was very dif- 
ferent, however, as is evident from table 5. 
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The phosphorus fertilizers increased the proportion of total phosphorus in the 
beets and decreased the proportion in the leaves. 

In tables 6 and 7 are given the weights of crown sections C2 and C3, together 
with the w^eight and value of the nitrogen and phosphorus in the two crown sec- 
tions based on actual yields. All results are given on the moist basis. The 
prices of fifteen cents a pound for the nitrogen and twelve cents a pound for 
phosphorus are values chosen for comparison and are based on an assumption 


TABLE 6 

Nitrogen and phosphorus of crown section C 2 and the value of nitrogen and phosphorus removed 
from 1 acre, reported on moist basis 


PLOT 

TPEATIiifENT 

ACTUAL 
YIELD OP Ca 

N CONTENT 
OP Ca 

VALUE OP 

N IN Cs 

AT lSf5 A 
POUND 

P CONTENT 
OF Ca 

VALUE OF 
PiNCa 

AT 12^ A 
POUND 

29 

Check V 2 

pounds 

318 

pounds 

0.82 

$0.12 

pounds 

0.04 

$0,005 

36 

Check Vi 

310 

0.70 

0.11 

0.05 

0.005 

37 

Manure 

978 

2.30 

0.34 

0.27 

0.040 

38 

Manure, phosphorus, sulfur 

1136 

3.23 

: 0.48 

0.44 

0.050 

39 

Gypsum 

242 

0.54 

0.08 

0.04 

0.005 

40 

Nitrogen 

425 

0.95 

0.14 

0.07 

0.008 

41 

Phosphorus 

265 

0.63 

0.09 

0.09 

0.010 

42 

Potassium 

633 

1.36 

0.20 

0.17 

0.020 


TABLE 7 


Nitrogen and phosphorus of crown section Cz and the value of nitrogen and phosphorus removed 
from 1 acre, reported on moist basis 


PLOT 

TREATMENT 

ACTUAL 
YIELD OP Ca 

N CONTENT 
OP Ca 

VALUE OP 

N IN Ca 

AT ISj^ A 
POUND 

P CONTENT 
OP Ca 

VALUE OP 

P IN Ca 
[ AT 12{i A 
POUND 

29 

Check V 2 

pounds 

403 

pounds 

0.82 

$0.12 

pounds 

0.05 

$0,006 

36 

Check Vi 

409 

0.71 

0.12 

0.05 

0.006 

37 

Manure 

1220 

2.46 ^ 

0.37 

0.30 

0.040 

38 

Manure, phosphorus, sulfur 

1125 

2.78 

0.42 

0.39 

0.050 

39 1 

Gypsum 

305 

0.59 

0.09 

0.04 

0.005 

40 

Nitrogen i 

585 

1.17 

0.17 

0.09 

0.012 

41 

Phosphorus 

393 

0.79 

0.12 

0.13 

0.016 

42 

Potassium 

849 

1.65 

0.25 

0.21 

0.025 


that the nitrogen and phosphorus will become available to future plants. This 
assumption is in keeping \vith the work of Woodman and Bee (5) who after a 
study of the manurial value of beet tops conclude, “If the tops are plowed into 
the land it may be assumed that the whole of the nitrogen, phosphate, and potash 
is available as manure. Where stocks are allowed to consume them off the land, 
then it is assumed that only half the nitrogen goes into the excreta and three 
quarters each of phosphate and potash.’’ 
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The weight of the crown C 2 from 1 acre of the plot fertilized with manure, 
phosphorus, and sulfur was 1,136 pounds, whereas that from the gypsum-fer- 
tilized soil was 242, the other plots falling between these limits. The weight of 
the crown Cs produced on 1 acre of the manured soil was 1,220 pounds, whereas 
the averages of all the other plots were considerably less. The weight of the 
nitrogen in no case exceeded 3.23 pounds. This, if purchased at 15 cents a 
pound, would have cost 48 cents. The phosphorus in no case would have ex- 
ceeded 0.44 pound, which at 12 cents a pound would cost 5 cents. It is evident 
that, judged from their nitrogen and phosphorus contents, the crowns have small 
manurial value, but because of their high sugar content the}^ may have consid- 
erable value as stock food. 



Fig. 1. Percentage Distribution op Total Moist Weight of Sugar Beet Plant in 

Leaves, Crowns, and Beet 

Fig. 2. Percentage Distribution op Total Nitrogen of Sugar Beet Plant in 
Leaves, Crowns, and Beet 

The percentage distribution of the moist weight of the sugar beet plant, of 
nitrogen, and of phosphorus in the leaves, crowns, and beet is presented in figures 
1, 2, and 3. Each result is the average of approximately 500 beets grown with 
and without fertilizers. 

The beet leaves contained 29.93 per cent of the total moist weight, 65.26 per 
cent of the total nitrogen, and 49.67 per cent of the total phosphorus. More than 
half of the phosphorus and nitrogen removed in the beet crop is found in the tops 
and crowns and could be returned to the soil. 

The calcium content of the various sections of the sugar beet plant varied 
widely, as shown in table 8. It wns highest in the leaves and lownst in the beet 
and the crowns carried intermediate concentrations. The data suggest that 
the fertilizers decreased the calcium content of the crowns and leaves. 

As wns the case with nitrogen, phosphorus, and calcium, the greatest concen- 
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tratioii of the magnesium was in the leaves, and the smallest in the beet proper, 
with intermediate concentrations in the crovms. 

The composition of leaves, cro^vn sections, and beets of plants grown with and 
without manure, and the average composition of 14 crops of first, second, and 
third crop alfalfa grown on this same soil are given in table 10. 



Fig. 3 . Peecentage Distribution op Total Phosphorus op Sugar Beet Plant in 

Leaves, Crow'ns, and Beet 

TABLE 8 


Percentages of calcium in leaves, crowns, and beets, calculated to dry basis, produced with 

various fertilizers 


PLOT 

TREATMENT 

CALCIUM 

Leaves 

Crown Section 

Beets 

Cl 

C2 

C3 

29 

Check Va 

3.12 

1.52 

1.30 

0.82 

0.26 

36 

Check Vi 

3.11 

i 1.48 

1.31 

0.82 

0.25 

37 

Manure 

1.55 

1 0.88 

0.63 

0.44 

1 0.20 

38 

Manure, phosphorus, sulfur 

1.56 

0.89 

0.74 

0.48 

1 0.22 

39 

Gypsum 

2.62 

1.66 

1.43 

0.97 

0.32 

40 

Nitrogen 

2.32 

1.54 

1.28 1 

0.84 

0.29 

41 

Phosphorus 

1.46 

1.17 

0.73 

0.53 

0.22 

42 

Potassium 

1.58 

1.06 

0.88 1 

0.65 

0.22 

Average unfertilized 

3.12 

1.50 

1.31 

0.82 

0.26 

Average fertilized 

1.85 

1.20 i 

0.95 

0.64 

0.25 


Two facts must be borne in mind when interpreting the results given in table 
10: first, the results are reported on the dry basis; and second, the chemical 
analyses represent the percentages of the different elements in the products. 
Approximately 6 tons of green leaves would be needed to yield 1 ton of dry leaves, 
and approximately 1.2 tons of properly cured alfalfa or 6 to 6 tons of green al- 
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falfa, to yield 1 ton of dry alfalfa. From the chemical analyses one cannot judge 
the coefficient of digestibility of the product or the biological value of the protein. 
These last two factors can be determined only by feeding the product. The 
analyses indicate, however, that better results would be obtained when phos- 
phorus supplements (5) were fed with the leaves and crowns than when phos- 
phorus supplements were not fed. Some workers recommend the addition of 
calcium salts to the ration so as to neutralize any oxalic acid that may be present. 

TABLE 9 


PeTcentages of magnesium in leaves^ cTOwnSj and beets ^ calculated to dry basis, produced with 

various fertilizers 


PLOT 

TREATMENT 

1 MAGNESIUM 

Leaves 

1 Crown Section 

Beets 

Cl 

C2 

Cs 

29 

Check Va 

1.74 

0.61 

0.59 

0.42 

0.31 

36 

Check Vi 

1.55 

0.68 

0.50 

0.34 

0.29 

37 

Manure 

1.08 

0,60 

0.47 

0.37 

0.28 

38 

1 Manure, phosphorus, sulfur 

1.05 

0.61 

0.50 

0.36 

0.26 

39 

Gypsum 

1.35 

0.69 

0.53 

0.40 

0.31 

40 

Nitrogen 

1.35 

0.69 

0.59 

0.41 

0.33 

41 

Phosphorus 

1.07 

1.12 

0.54 

0.41 

0.26 

42 

Potassium 

1.05 

0.79 

0.57 

0.38 

0.27 

Average unfertilized 

1.65 

0.65 

0.55 

0.38 

0.30 

Average fertilized 

1.16 

0.75 

0.53 

0,39 

0.29 


TABLE 10 


Percentages of nitrogen, phosphorus, calcium, and magnesium in leaves and crowns of sugar 
beets, and in alfalfa, calculated to dry basis 


PRODUCT 

NITROGEN 

PHOSPHORUS 

CALCIUM 

MiVGNESIUM 

Beet leaves produced with manure 

2.30 

0.119 ! 

1.55 

1.08 

Beet leaves produced without manure 

2.09 

0.089 

3.12 

1.65 

Beet crowns, produced with manure 

1.41 

0.169 

0.88 

0.60 

Beet crowns produced without manure,... 

1.28 

0.091 

1.50 

' 0.65 

First crop alfalfa 

2.89 

0.244 

0.19 

0.34 

Second crop alfalfa 

3,00 

0.251 

0.18 

0.35 

Third crop alfalfa 

3.34 

0.273 

0.20 

0.38 


The limited analytical work done on these beets by us indicates the oxalic acid 
content to be extremely low. 

Woodman and Bee (6) in six tests with sheep, each extending over a 22-day 
period, found the digestive coefficient of the various beet constituents to be: or- 
ganic matter 78.5, crude protein 70.2, ether exti'act 62.8, N-free extractives 82.6, 
crude fiber 71.1. Hence, the digestibility of beet leaves and crowns compares 
favorably with that of alfalfa hay. ^ 
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According to Maynard and co-workers (4) 1.4 tons of tops and crowns of 
beets when fed to lambs in dry lots with grain and alfalfa will replace about 20 
pounds of shelled corn and 100 pounds of alfalfa. Therefore 6 tons of green leaves 
and crowns, which is approximately the equivalent of 1 ton of the dry material, 
should be the equivalent of 86 pounds of corn and 430 pounds of alfalfa hay. 

Holden (2) found, as an average of six feeding tests, that the tops from 16 
tons of sugar beets have the same feeding value as 1 ton of alfalfa hay and 491 
pounds of corn. In a later work he (3) found no great difference in the value of 
corn silage, beet top silage, beet tops, and cull potatoes when fed with a ration 
of corn, cotton seed cake, and alfalfa. Ensiling beet tops increased their feed- 
ing value, but it was doubtful w^hetherthe increase w^as sufficient to pay for the 
ensiling. 


SUMMARY 

Sugar beet plants were grown on a highly calcareous soil with and without fer- 
tilizer. They 'were separated into the beet proper, crowms, and leaves and ana- 
lyzed for nitrogen, phosphorus, calcium, and magnesium. The percentages of 
nitrogen were greatest in the leaves and low^est in the beets. In the crown sec- 
tions, the percentages 'were greater the nearer the section w^as to the leaves. 

The average number of pounds of nitrogen in the tops and crowns of the beets 
produced on 1 acre with manure or ammonium sulfate was 64.6. This nitrogen, 
at $0.15 a pound, would cost $9.69. These values represent the extent to which 
the soil had been depleted of its nitrogen by the crowns and tops and could not be 
considered a profit to the producer. The average number of pounds of nitrogen 
in the tops and crowns on the nonmanured plots unfertilized with ammonium 
sulfate was 27.6, w^hich would have cost the farmer in reduced soil fertility $4.14. 

The phosphorus content of all sections of the sugar beet plant "was increased 
by manure and phosphorus fertilizer. The percentages of phosphorus w^ere con- 
siderably lower in the beets than in the leaves. The average number of pounds 
of phosphorus in the leaves and tops of beets produced on 1 acre with manure 
and phosphorus fertilizer w^as 4.8. The phosphorus in the same sections of the 
nonmanured, nonphosphorus-fertilized beets was 1.9 pounds. The cost of either 
as commercial fertilizers would be small. 

The percentages of calcium and magnesium were greatest in the leaves and 
least in the beets. The quantity in the crowns w^as greatest next to the leaves 
and decreased as the distance from the leaves increased. 

The beet leaves contained approximately 30 per cent of the total moist weight, 
65 per cent of the total nitrogen, and 50 per cent of the total phosphorus. 

The nitrogen content of crowns and leaves computed to the dry basis approxi- 
mates that of first crop alfalfa. Feeding tests made by Woodman and Bee in- 
dicate that the GoeflScient of digestibility compares favorably with that of al- 
falfa. Feeding tests by Maynard and coworkers prove that 1 ton of moist beet 
tops and crowns approximate 14 pounds of shelled corn and 72 pounds of alfalfa 
in feeding value. The phosphorus content of the leaves and crowns of sugar 
beets is lower than that of alfalfa, and it seems highly probable that their nu- 
tritive value would be increased by a phosphorus supplement. 
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Precipitation of calcium carbonate often occurs in extracted soil solutions con- 
taining appreciable concentrations of calcium and bicarbonate ions. Similar 
changes in composition occur in natural and synthetic waters during storage for 
long-time soil experiments. This results from a loss of carbon dioxide to the 
atmosphere, which occurs even in closed containers. Acidification of soil solu- 
tions and extracts at the time of analysis restores the calcium to solution, but 
this precludes the determination of carbonate and bicarbonate and the anion of 
the added acid. 

Glassy sodium hexametaphosphate at the low concentrations of 1 to 5 p.p.m. 
has been used successfully in recent years in the stabilization of irrigation waters 
containing anhydrous ammonia as fertilizer (1, 8, 12), of industrial and municipal 
water supplies (13), and of brines (7). The fundamental mechanism of this 
^^threshold treatment’’ has not yet been completely established (1, 5, 8). It in- 
terferes with the formation of calcium carbonate crystals and does not appear to 
prevent the conversion of bicarbonate to carbonate. The metaphosphate does 
not interfere mth the determination of the quantities of calcium, carbonate, and 
bicarbonate ions usually encountered. This application of hexametaphosphate 
is an outgrowth of its prior use in stoichiometric concentrations to soften hard 
waters by virtue of its ability to ‘‘sequester” calcium into stable soluble calcium 
complexes (4). 

The adaptation of the threshold treatment to soil solutions and waters to pre- 
vent deposition of calcium carbonate on standing was the object of the present 
investigation. In the case of waters used in percolation and leaching experi- 
ments on soils, it is important to demonstrate that such treatment has no effect, 
per se, on the soil. Permeability and exchangeable base studies have been made 
to examine this possibility. 

EXPERIMENTAL METHODS AND RESULTS 

The glassy sodium hexametaphosphate, (NaPOs) e, used in this investigation 
was prepared by heating sodium dihydrogen orthophosphate in a platinum dish 
for 2 hours in a muffle furnace at lOOO^^C. The melt was cooled rapidly by im- 
mersion of the lower part of the dish in water while covered by a watchglass to 

1 Contribution from the IT. S. Regional Salinity Laboratory, Riverside, California, 
Bureau of Plant Industry, Soils, and Agricultural Engineering, Agricultural Research 
Administration, U. S, Department of Agriculture, in cooperation with the eleven Western 
States and the Territory of Hawaii. 

2 Associate chemist and assistant soil scientist, respectively. 
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prevent losses on solidification. Although the constitution of the polymer thus 
formed is in question, it is commonly referred to as a hexametaphosphate. 


Effectiveness of stabilization 

The ability of sodium hexametaphosphate to stabilize soil solutions is exempli- 
fied by results obtained with a soil solution extracted from a sample of Hesperia 
sandy loam containing 10.4 per cent moisture. This solution was obtained by 
the pressure-membrane method (10, 11). The concentrations of calcium, car- 
bonate, and bicarbonate ions increased during the extraction as a result of a pro- 
gressive increase in carbon dioxide pressure in the extraction chamber caused by 
microbiological respiration. This effect has been discussed more fully elsewhere 

The solution (total volume 104 ml.) wms removed in seven fractions, varying 
from 9 to 20 ml. The extraction occupied the period from September 16 to 19, 

TABLE 1 


Stabilization of a soil solution from Hesperia sandy loam by 2 p.p.m. sodium 
hexametaphosphate 


■pRAC- 


CQz-- 

HCO 3 - 

pH 

TION 

NUMBER 

9-20-42 

10-27-42 

10-27-42 

9-20-42 

10-27-42 

10-27-42 

1 9-20-42 

10-27-42 

10-27-42 

9-20-42 

10-27-42 

10-27-42 


initial 

treated 

treated 

initial 

treated 

un- 

treated 

initial 

treated 

un- 

treated 

initial I 

treated 

treated 

1 


m.e.ll. 

m.e.ll. 

m.e.ll. 

m.e.ll. 

m.e.ll. 

m.e.ll. 

[ m.e.ll. 

m.e.ll. 

m.e.ll. 




1 

13.7 

14.0 

14.0 

\ 0.01 

0.01 

0.01 

1.10 

1.20 

1.20 

7.7 

7.7 

1 7.7 

2 

15.7 

15.6 

15.6 

0.01 

0.01 

0.01 

1.20 

1.20 

1.20 

7.6 

7.6 

1 7.5 

3 

17.2 

17.1 

17.7 

0.05 

0.05 

0.04 

2.15 

2.35 

2.36 

8.3 

8.3 

! 8.2 

4 

18.3 

18.5 

16.4 

0.11 

0.14 

0.03 

3.69 

3.86 

1.37 

8.4 

8.5 

8.2 

5 

19.5 

19.0 

15.9 

0.14 

0.18 

0.03 ' 

4.76 

4.82 ! 

1.77 

8.4 

8.5 

8.1 

6 

20.2 

20.0 

15.8 

0.15 

0,21 

0.02 

5.39 

5.69 

1.38 

8.4 

8.5 

8.0 

7 


21.0 

16.7 

0.22 

0.36 

0.01 

6.28 

6.34 

1.29 1 

8.5 

8.7 

7.9 


1942. As each fraction was removed, a portion of it was treated with a solution 
containing IQOO p.p.m. of sodium metaphosphate to provide a final concentration 
of 2 p.p.in. On September 20, the seven untreated fractions were analyzed by 
semimicroanalytical methods (9) except for sodium, which was determined by a 
gravimetric uranyl zinc acetate procedure (16) . The carbonate and bicarbonate 
values were calculated by means of the carbonate equilibria slide rule of Hirsch 
(6) from pH values and total alkalinity to methyl orange. The remainder of the 
untreated portions and the treated samples were set aside in small stoppered glass 
bottles and analyzed 37 days later. 

The results for calcium, carbonate, and bicarbonate ions and pH values are re- 
ported in table 1. Minor variations can be ascribed to analytical errors. The 
average concentrations of other ions, in nadlliequivalents per liter, are as follows: 
Mg,5; K,2; S04,3; Cl, 3; NOg,!?. After 37 days, the untreated portions of frac- 
tions 1 to 3 inclusive retained their initial composition. The untreated portions 
of the more concentrated fractions, 4 to 7 inclusive, lost calcium carbonate by 
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precipitation. Equilibrium values were approximately as follows: Ca,16; 
003,0.02; HC03,1.4; pHjS.O. The treated portions of these fractions, however, 
retained their initial contents of calcium and bicarbonate, and the carbonate con- 
centrations and pH values increased somewhat. The latter effect indicates 
that the metaphosphate does not inhibit the conversion of bicarbonate to car- 
bonate; stated otherwise, loss of carbon dioxide from the solutions was not pre- 
vented. Although the absolute increase in carbonate may appear slight, it is 
nonetheless real. When these values are calculated by the usual phenolphthal- 
ein-methjd-orange titration procedure the effect is even more pronounced. The 
magnesium concentration did not decrease on standing. 

The stabilization of these samples indicates that the calcium content and the 
alkalinity of similar solutions can be maintained during storage for weeks by the 
addition of 2 p.p.m. of sodium hexametaphosphate. Moreover, the calcium- 
carbonate-bicarbonate systems of the solutions of table 1 represent a higher level 
of instability than is usually encountered in soil solutions and waters. 

Effect of metaphosphate on soil permeability 

A sample of Fallbrook loam, a nonsaline slightly calcareous soil virtually free 
of soluble and exchangeable sodium was used for this study. The synthetic 
stock water contained 8.4 m.e. of calcium chloride and 5.6 m.e. of sodium chloride 
per liter. The chlorides were used in order to ensure constancy of composition 
throughout the experiment. The results obtained are applicable to vraters con- 
taining bicarbonate, because both soil permeability and the action of the meta- 
phosphate are related primarily to the cation. 

Sodium hexametaphosphate was added to the S3mthetic water in the follovdng 
concentrations: 1, 2, 4, 10, and 100 p.p.m. All five waters became turbid, but 
the waters containing 1 and 2 p.p.m. only very slightly so. After filtration of 
samples of the five waters through unglazed ceramic crucibles and hydration of 
the metaphosphate to orthophosphate in boiling acid solution, photometric de- 
termination showed the filtrates to contain the following concentrations of 
(NaP03)6, respectively: 0.07, 0.8, 1.6, 3.7, and 22.6 p.p.m. If the possibility of 
adsorption by the crucible is disregarded (the first part of each filtrate having 
been discarded) the actual concentration of dissolved metaphosphate required 
for stabilization may be but a small fraction of that calculated from the amount 
added. 

It was found that addition of 1150 p.p.m. of sodium hexametaphosphate re- 
sulted in disappearance of the turbidity and that maximum turbidity occurred at 
about 600 p.p*m. This precipitation and redissolution is in accord with the for- 
mation of soluble complex ions in other inorganic systems. The untreated syn- 
thetic water, the five turbid waters, and that containing 1150 p.p.m. were used 
in the permeability study. In addition, metaphosphate was added to distilled 
water in the same concentrations, and sodium chloride was added to the synthetic 
water in an amount equivalent to the sodium in 1150 p.p.m. of sodium meta- 
phosphate (11.3 m.e. per liter). 

The soil was passed through a 1-mm. sieve and uniformly packed into No. 2 
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tinned cans modified for permeability measurements. The 200 gm. of soil in 
each can occupied a height of about If inches. The hydraulic head was main- 
tained constant by a constant-level device in conjunction with a 5-gallon supply 
carboy. Room temperature was maintained at 70 rb 1*^F. The permeabilities, 



Fig. 1. Permeability op a Sample op Fallbrook Loam to Waters Containing 
Sodium Hexametaphosphatb 

Range A includes curves for synthetic waters containing 0, 1, 2, 4, 10, and 100 p.p.m. of 
(NaP03)6 and that containing 11.3 additional m.e. of NaCl per liter. B is curve for syn- 
thetic water containing 1150 p.p.m. (NaPOg) e. C is curve for 1150 p.p.m. in distilled winter. 

expressed in centimeters per hour, were calculated from the following form of 
the Darcy equation (2, 15) : 

p 1 ^ 

~ r A’ w 

■where P is the Darcy coefficient of permeability, Q is volume of percolate, T is 
time, A is cross-sectional area, L is height of soil, and H is hydraulic head. 

The permeability results are sho-wn in senulogarithmie graphical form in figure 
1. The permeability of the soil to all the waters, including the controls (no 
sodium hexametaphosphate), decreased during percolation, an effect typical of 
most soils on prolonged leaching. Each treatment was replicated 3 to 18 times. 
Range A in figure 1 includes the curves for all replicates of all synthetic waters 
except the 1150 p.p.m. (NaP 03)6 water. The variation among replicates was 
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sufficient to preclude assigning a significant reduction in permeability to any of 
these treatments. 

The 1150 p.p.m. treatment, however, reduced percolation, and after passage of 
50 cm. of water (2150 ml.) the permeability was one-fourth that of the control. 
The curves for the lower concentrations of metaphosphate in distilled water are 
not shown, but they would lie between range A and curve B, the permeability 
decreasing with increasing metaphosphate content. The outstanding reduction 
in permeability resulted from the addition of 1150 p.p.m. to distilled water. 
After percolation of 24 cm. of this water (1030 ml.) the permeability was 
that of the S 3 mthetic water control. This percolate was dark from suspended 
clay extracted from the soil; those from the other waters that caused reduced 
permeability contained lesser amounts of clay. This observation illustrates the 
effectiveness of hexametaphosphate in dispersing soils preparatory to mechanical 
analysis (14). Reduction of the viscosity of oil-well drilling muds by hexameta- 
phosphate also has been attributed to increased dispersion (3). 

The results indicate that the percolation of waters stabilized by 1 to 5 p.p.m. 
of sodium hexametaphosphate should not affect soil permeability. At higher 
concentrations, the calcium-ion activity is reduced, and in waters containing an 
excess of the metaphosphate it becomes negligible. This results in an exchange 
of sodium ions for calcium ions adsorbed on the claj^, with a resultant increase in 
dispersion and decrease in permeability. 

Effect of metaphosphate on exchangeable base status 

On completion of the permeability measurements, eight of the soil samples and 
the original soil were subjected to exchangeable base determinations. The wet 
soil samples were drained of excess water by suction, and the solution so extracted 
was used for determination of soluble salts. The top one-third of each sample 
was divided into two roughly equal parts. One part was reserved for base re- 
placement and the other used for a moisture determination. A sample of the 
original soil ^vas moistened to the saturation percentage (16) and treated simi- 
larly. To each exchangeable base sample was added 100 ml. of neutral normal 
ammonium acetate, the mixture shaken for 1 hour, centrifuged, and the super- 
natant liquid decanted. This procedure was followed three times. Aliquots of 
the composited washings and of the soluble salt filtrates 'were analyzed for cal- 
cium, magnesium, and sodium by the methods previously indicated, and for 
manganese by titration with ferrous ammonium suKate of the permanganate 
formed on oxidation by sodium bismuthate. The cation contents in the filtrates 
w^ere subtracted from the totals to obtain the exchangeable base values. These 
were then calculated on the basis of milliequivalents per 100 gm. oven-dry soil, 
and are reported in table 2. 

The percolation of the calcium-sodium-chloride synthetic water removed the 
exchangeable magnesium from the soil and replaced it with calcium, and to a 
slight extent with sodium. Metaphosphate in concentrations of less than 100 
p.p.m. caused no measurable change in calcium-sodium ratio as compared with 
that of the control. This was true even of the soil sample through which 340 
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cm. of the 2 p.p.m. water had percolated. Above 100 p.p.m. the adsorbed sodium 
increased, and at 1150 p.p.m. it represented 20 per cent of the adsorbed bases. 
This is not due to the sodium in the metaphosphate salt, however, because the 
addition of an equivalent amount of sodium chloride to the synthetic water did 
not increase the exchangeable sodium. The reduced base-exchange capacity 
of the sample treated with the water containing 1150 p.p.m. evidently resulted 
from removal of clay from the soil by the percolate during the permeability meas- 
urements. Treatment with 1150 p.p.m. of sodium metaphosphate in distilled 
water resulted in an exchangeable sodium percentage of 62 and an exchange ca- 
pacity of only 72 per cent of that of the original soil; the increase in exchangeable 
manganese due to this treatment and to the percolation of 340 cm. of water is 
attributed to prolonged immersion of the soil. These results are in excellent 

TABLE 2 


Effect of sodium hexametaphosphate in the percolation water on the exchangeable bases of 

Fallbrook loam 


COACPOSITION OF WATER 

PERCOLATE* 

EXCHANGEABLE BASESf 

CaCIa 

NaCl 

CNaP03)8 

Na 

Ca 

Mg ] 

Mn 

Total 

m.e./l. 

ni.e.ll. 

p.p.m. 

cm. 

m.e. 

m.e. 

1 

m.e. 

m.e. 

m.e. 

8.4 

5.6 

0 

61.3 

0.4 

12.8 

tr ! 

0.2 

13.4 

8,4 

5.6 

2 

67.8 

0.4 

1 12.6 

tr 

0.0 

13.0 

8.4 

5.6 

2 

340 

0.4 

12,7 


0.4 

13.5 

8.4 

5.6 

10 

62.7 ! 

0.4 

12.4 

0.3 

tr 

13.1 

8.4 

5.6 

100 

65.0 1 

0.5 

11.7 

0.1 

0.1 

1 12.4 

8.4 

5.6 

1150 

56.0 

2.2t 

8.5 

0.1 

0.1 

10.9 

8.4 

16.9 

0 

66.2 

0.4t 1 

12.2 

tr 1 

0.2 

12.8 

0.0 

0.0 

1150 

24.0 

5.9J ; 

3.0 

0.0 

0.6 

9.5 

Original soil 

0 

0.2 

11.4 

1.6 

0.0 

13.2 


* These values multiplied by 43 equal percolate volumes in milliliters, 
t Per 100 gm. oven-dry soil. 

t Difficult to determine accurately because of high soluble sodium. 


agreement with the permeability determinations and demonstrate that meta- 
phosphate can be used at the low concentrations employed in threshold treatment 
without affecting the exchangeable bases of a soil. 

svmiAUY 

Alkaline soil solutions and waters containing appreciable concentrations of 
calcium and bicarbonate ions can be stabilized against the precipitation of cal- 
cium carbonate by the addition of 2 p.p.m. of sodium hexametaphosphate. The 
storage of such solutions for analysis or for long-time soil experiments is thereby 
facilitated. 

This concentration of metaphosphate in percolation waters apparently has no 
effect on the permeability and base status of a soil, as demonstrated by laboratory 
permeability studies and exchangeable base determinations. Much higher con- 
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centrations of metaphosphate cause an increase in adsorbed sodium and a cor- 
responding decrease in permeability by virtue of the abilitj^ of the metaphos- 
phate to form stable soluble complexes with calcium. 
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The field capacity of a soil represents the practical upper limit of field soil mois- 
ture under conditions of unobstructed drainage. It is generally understood (8) 
to be the moisture content of a soil when, f olloiving a wetting from above by rain- 
fall or irrigation, downward water movement has almost ceased. Shaw (7) has 
defined a similar value, the normal moisture capacity^ more functionally as the 
moisture content attained during soil drainage when the water films on the soil 
particles have become so thin that reduced permeability permits negligible fur- 
ther moisture decrease in the liquid state. In practice, the terms are essentially 
S 3 monymous. Neither represents an equilibrium soil moisture condition. The 
field capacity, as it will be referred to hereafter, represents merely a point on the 
moisture-drainage-time curve at which the drainage rate has become so low that 
in comparison vdth early rates it is insignificant. In well-drained soij^s of at least 
moderate permeability the field capacity is considered to have been reached two 
or three days after an irrigation, and in much agricultural literature the soil mois- 
ture content at this time is taken as a measure of the field capacity. 

In a recent analysis of soil moisture data obtained on the San Dimas Experi- 
mental Forest (4) in southern California, it was found that the moisture content 
of the top foot of soil was increased less by rains occurring when the soil was ini- 
tially dry than when the soil was initially moist to some depth. The field ca- 
pacity of the soil thus seemed to depend upon the depth of soil wetting. If this 
is so, field capacity must be a function of the amount of 'water applied to the soil 
as well as of soil texture, structure, and profile characteristics. Since field-capac- 
ity measurements w'ere being used in calculations of the water-retaining capacity 
of watershed soils, it was desirable to learn to what extent depth of wetting in- 
fluenced the determination and whether some minimum wet depth could be es- 
tablished on which to base a reliable value,^ 

MATERIALS AND METHODS 

The present study vras made under two conditions. First, the moisture dis- 
tribution through the wet soil was determined from field samplings made early 
in the rainy season 1 to 4 days after periods of rain. This provided data of pro- 

^ The field and laboratory work was performed by Wayne Hanawalt and Clarence Burck 
of Civilian Public Service Camp No. 76, Glendora, California. Their suggestions aided 
materially in the development of the study. Grateful acknowledgment for critical review 
of this paper is made to J. Kittredge, C. J. Kraebel, P. B. Rowe, C. R. Hursh, F. J. Veih- 
meyer, J. E. Christiansen, and G. B. Bodman. 

2 Implications of the field-capacity variations mentioned are contained in data obtained 
by VeiWeyer and Hendrickson (8) during the moisture sampling of freshly irrigated soils. 
Their results show a decrease in relative wetness within the wetted zone with increasing 
depth below the soil surface. 
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gressively deeper moisture penetration caused by natural rain. To supplement 
these data rnetal frames 6 square feet in area were pressed 4 inches deep into the 
surface soil at selected field locations to form irrigation checks, and various 
amounts of water were impounded in them to wet the soil to different depths. 
Following each irrigation the distribution of moisture through the wetted soil 
was determined daily for a week on auger samples taken in the middle of the ir- 
rigated area. In both phases of this study, the soil moisture before irrigation 
was at or below the mlting point — a characteristic of these soils at the start of 
the rainy season. In the study involving natural rainfall no provision was made 
to minimize evaporation or transpiration. In the irrigation phase of the study, 
heavy canvas covers were laid over the soil during the drainage period to de- 
crease evaporation, but roots of plants not covered by the canvas were free to re- 
move water for transpirational use. 

The soils studied included three natural soils and one artificially mixed uniform 
soil. The natural soils are fairly representative of the more uniform alluvial 
and older residual soils of the experimental forest. The Tanbark Creek and 
Hummingbird Spring soils are sandy loams that have been transported by Avater 
to their present positions bordering the channels of intermittent streams. Be- 
cause of their youth, they show no development of horizons other than some 
darkening near the surface, the result of organic matter accumulation. The 
runoff plot soil is a hillside residual clay loam which has been modified to some 
extent by colluvial action. It occupies one of the older geologic surfaces of the 
forest but shows only slight development of a clay-enriched B horizon. The soil 
is rich in organic matter within the top few inches, the resulting dark color grad- 
ually fading to the normal reddish yellow of the soil at a depth of about 12 inches. 
The field capacities of the alluidal soils lie between 10 and 13 per cent, and that of 
the residual soil decreases from 25 per cent at the surface to 17 per cent at 18 
inches and to 15 per cent at the 60-inch depth. All three soils are more than 6 
feet deep and are underlain by fractured metamorphosed dioritic rock. 

The artificially mixed soil occupies a pit 3 feet deep and 110 square feet in area 
dug in natural soil of the same kind near a group of lysimeters. It was prepared 
6 years prior to this study and has been occupied by chaparral vegetation ever 
since. The pit soil, a clay loam, is as uniform a"s repeated mixing can make it, 
and the natural soil beneath it is more than 6 feet deep and at least as permeable 
as the filled soil. The field capacity of the pit soil is about 19 per cent. 

The irrigated soils showed no significant moisture changes between the second 
and the fifth day after irrigation. Since the moisture contents during this period 
were well below those corresponding to pore-space saturation, any rapid drainage 
that may have occurred must have taken place Avithin the first 24 hours. In 
some cases losses due to transpiration began to be evident after the fifth day of 
drainage. In order to minimize the influence of this factor, data from the first 
4 days only were analyzed. 

EESULTS 

F leU-capadty dderTTiMiUom based on wetting by ra^ 

Fipre 1 shows the soil-moisture distributions in the Tanbark runoff plot de- 
termined Avithin 4 days after early season storms totaling more than | inch of 
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rain. Sampling was carried into summer-dry soil below the freshly wet zone; 
the dry soil increased from 5 to about 8 per cent moisture with increasing depth. 
The estimated field-capacity line drawn on the figure was obtained from the 
average moisture distribution after the soil had been wet at least 6 feet deep. 
Variations of 2 or 3 per cent in moisture about the field-capacity line may be 
attributed to soil heterogeneity. 



Fig. 1 . Soil-Moi STORE — Depth Relations 1 to 4 Days after Early-Season Storm 
AT Tanbark Runoff Plots, 1940-1942 

Average field capacity indicated by broken line. Each line represents the moisture 
distribution after a storm. Wet depths are least in September, greatest in January. 
Initial soil moisture (vertical section of lower ends of curves) increases from 6 to 8 per cent 
with depth. 

The data show that until water has penetrated about 30 inches deep the mois- 
ture content at any stated depth within the wet zone increases with penetration 
of the wet front. The zone in which the moisture content is thus a function of 
wet depth will be referred to as the wetting zone. When the soil is wet below the 
30-inch depth, first the surface layers and then successively deeper layers reach 
maximum moistures unaffected by further downward penetration of moisture. 
The wetting zone thus moves downward in the soil as the depth of moisture pene- 
tration increases. 


46 


E. A. COLMAN 


In figure 2 the same data have been plotted in such a way as to demonstrate, 
first, the presence of the wetting and constant moisture zones, and second, the 
change in thickness of the wetting zone in relation to the depth of the sampled soil 
layer. Here the moisture content of each layer is plotted in relation to its height 
above dry soil. Thus it shows the change of moisture in each layer as the soil is 
wet progressively deeper below it. The wetting zone is shown to be present for 
all depths of soil wetting; that is, there is no depth of wetting at which the maxi- 
mum field capacity is found, 1 to 5 days after irrigation, immediately above the 
wet-front plane. The thickness of the wetting zone is shown to decrease, how- 
ever, as the wet depth increases. Thus the surface soil first reaches its maximum 
moisture value when the soil has been wet 30 inches deep, whereas the 30-inch 
layer reaches its maximiiTn with dry soil at a depth of 42 inches below the surface, 
representing a wetting zone thickness of only 12 inches. 



Fig. 2. Soil Moistuhb Data feom Figtjhb 1 Replotted to Show Relation of Moistube 
Content of Each Laybb to Its Height Above Dey Soil 

In figure 3 the moisture contents have been expressed as percentages of the field 
capacities shown by the broken line in figure 1 . By the use of this device changes 
in field capacity at different depths have been eliminated, and the progressive 
decrease in wetting zone thickness with increasing depth of soil is shown more 
clearly. In this figure the curves for successive layers have been shifted pro- 
gressively to the right to avoid the confusion of overlapping data. The top of 
the wetting zone is shmvn by the abrupt change in slope of the individual mois- 
ture curves, and the line connecting these points demonstrates the decreasing 
thickness of this zone in relation to increasing layer depth. 

Field ca-paciiy measurements based on artificialirrigations 

^ Figures 4, 5, and 6, present, in the same manner as figure 3, moisture distribu- 
tion in relation to wet depth for the three irrigated soils of the Tanbark Creek, 
Hummingbu'd Spring, and Lysimeter Pilot plots respectively. Here moisture 
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rather than percentage of field capacity is plotted as the abscissa, because of the 
general textural uniformity of these soils, and the circled points in the figures 
denote the top of the wetting zone. Figures 4 and 5 present the data for undis- 
turbed field soils which have field capacities averaging 10 per cent and 13 per cent 
moisture, respectively, whereas figure 6 shows results obtained by irrigation of 
artificially mixed uniform soil which has a field capacity of about 19 per cent. 





Figs. 3, 4, 5, 6. Soil Moisture in Eelation to Height above Dry Soil, Plotted to 
Demonstrate the Presence and Trend of the Wetting Zone 1 to 4 Days 

AFTER Irrigation 

Broken lines connect initial (dry) moisture content to that determined within the w’et 

zone closest to the dry soil 

The surface soil on the Tanbark Creek plot is shown to have reached its maxi- 
mum moisture value only when the soil was wetted to a depth of at least 30 
inches. This is in general agreement vdth the data shown in figure 1, obtained 
under natural rainfall conditions in a soil of considerably higher field capacity. 
The decreasing thiclmess of the wetting zone likewise agrees in the two plots, 
lending some assurance to the belief that the findings reported earlier were not 
accidental. 

Figure 5 shows the wetting zone to be thinner at all depths on the Humming- 
bird Spring plot (note that the ordinate scale of figures 5 and 6 is not the same as 



48 


E. A. COLMAN 


that of figures 3 and 4), but there is still some decrease in wetting zone thickness 
with increasing wetted depth. 

Evidence is presented in figure 6 that the wetting zones found on the other 
plots are not the result of having used natural, nonuniform soils. As was men- 
tioned earlier, the Pilot Plot soil had been made as uniform as possible by re- 
peated mixing and then placed in a pit underlain by natural pervious soil of the 
same kind. The moisture distribution data again show the presence of a wetting 
zone, which in this case extends at least 15 inches below the surface soil. The 
decrease in wetting zone thickness in response to increasing layer depth is still 
evident but is not so definite here as in figures 4 and 5. 

DISCUSSION 

No measurements have been made to indicate the reasons for the wetting zone 
forms, which seem to be characteristic of the soil irrigations reported. A tenta- 
tive explanation, however, based on knowledge of the stored volume of soil w^ater, 
water moving forces, and liquid permeability conditions within the wet soil, is 
offered. 

The downward movement of soil water takes place in response to the combined 
pressure potential and gravitational potential gradients operating within the 
soil, as has been demonstrated by Bodman (1). He has pointed out that during 
irrigation of soil in part saturated and in part unsaturated, the pressure-potential 
gradient, corresponding to the soil-moisture gradient, forms the major part of 
the total potential gradient. It has been demonstrated further in field studies 
by Edlefsen and Bodman (3) and in laboratory studies by the author® that 
during and very shortly after irrigation the moisture content of the greater part 
of the wet zone is well above its field capacity, the moisture equivalent being 
taken as an approximation of this value (2) . The removal of free water from the 
surface of an irrigated soil does not result in the cessation of downward movement 
of water already in the soil if unimpeded drainage is provided. The pressure 
potential gradient developed during irrigation still supplements the gravita- 
tional potential gradient, at least if the wet zone is underlain by drier soil. Total 
potential gradients causing downward flow are, therefore, still in evidence. 
Further downward movement now takes place at the expense of water stored in 
the upper part of the moist zone, and as a result, two processes come into play to 
decrease the rate of downward flow: first, a decrease in average moisture gradient 
in the wet zone results in a decrease of its average pressure potential gradient; 
and second, the decreasing moisture content of the wet zone soil results in de- 
creasing liquid permeability (capillary conductivity). The rapid drop in liquid 
permeability of soil as its moisture content decreases from pore-space saturation 
has been shown by Moore (6), Richards (6), and other workers. 

Since both pressure potential gradients and permeabilities within the soil de- 
crease with time, the process of drainage of an irrigated soil is self -degenerative. 
The rate of downward water movement, therefore, may eventually become in- 

8 Colman, E. A. Interrelations of Soil and Water During Infiltration. 1942 (Doc- 
toral thesis, University of California.) 
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significantly small when compared with movement in other directions induced 
by temperature gradients (3) and those evaporative water losses that cannot be 
prevented. 

The influence of initial depth of irrigation water penetration upon the moisture 
content of the drained soil may be rationalized in the light of permeabilities and 
potential gradients found therein. At the time of cessation of irrigationj the 
pressure potential at the soil surface is constant, regardless of wet soil depth. 
The same can be said for the dry soil immediately below the wet front and also, 
as has been shown elsewhere by the author,® for the moist soil at the wet front 
plane. With pressure potential values, and therefore moistures and permeabili- 
ties, fixed at both top and bottom of the wetted soil column, the only difference 
in characteristics of these columns appears to be that of depth of moisture pene- 
tration. The average permeability of such soil columns differing only in wet 
depth would thus be the same, but the average pressure potential gradient would 
be inversely proportional to the depth of irrigation penetration. At the same 
time the pressure potential difference across the wet front would be the same re- 
gardless of wet depth. 

It appears then that at the inception of drainage the wetting of dry soil below 
the wetted zone would go on at a rate independent of the wet depth, whereas the 
rate of doTOward water movement within the wet zone would be slower the 
greater the initial depth of ^vetting. 

Although at the inception of drainage the wet fronts of both soils would move 
downward at the same rate, the more deeply irrigated soil shortly would fail be- 
hind the other because of less rapid replacement of water at its wet-front plane, 
a condition resulting in a more rapid decrease of pressure potential difference 
between wet and dry soil. The degenerative action of soil drainage already dis- 
cussed would finally result in both soils’ reaching insignificantly slow rates of 
moisture decrease, but the moistures found in the shallow and deeply irrigated 
soils at this time would be significantly different. Because of the higher average 
pressure potential gradient in the wetted zone of the less deeply irrigated soil, the 
moistures there would reach lower values (lewder values of liquid permeability) 
at the cessation of drainage than would be the case in the more deeply irrigated 
soil with its less rapid initial delivery of water to the wet front. 

SUMMARY 

The field capacity is a useful definitive characteristic of a soil. In this paper 
the determination of field capacity by natural and artificial irrigation of mountain 
soils in situ and of a mixed, uniform soil, has shown that these soils must be wetted 
12 to 30 inches deep, depending on the soil studied, before the surface layer 
will have attained a moisture content as high as its field capacity. Subsurface 
layers are shown to have lesser wetting zone thicknesses, but soil as deep as 30 
inches is not raised to its maximum moisture until the wet front has penetrated 
from 36 to 42 inches below the soil surface. A tentative explanation is pre- 
sented, relating the field-capacity values to the water supply available for drain- 
age and the distribution of permeability and moisture potential gradients through 
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the wet zone at the time when the drainage rate has become insignificantly 
small. 

This study suggests that shallow field irrigations or the irrigation and drainage 
of short soil columns in the laboratory do not necessarily provide valid measures 
of the field capacity of a soil, 
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Numerous investigations have dealt with potassium fixation in soils and with 
the very slow or negligible movement of potassium salts through some of them. 
Pomologists, in particular, have been interested in this problem. McKinnon and 
Lilleland (5) were concerned with a very high capacity for potassium fixation and 
its subsequent limitation of the penetration of potassium into some California 
orchard soils. In order to provide potassium to the roots in the upper 3 feet of 
soil, solutions of potassium salts were injected through specially constructed rods 
by means of pressure pro^dded by an orchard sprayer. Mathews (7) reported 
work on the injection of potassium and phosphorus into Indiana peach orchard 
soils, in which equipment similar to that described by McKinnon and Lilleland 
was used. 

Wander and Gourley (10), in an investigation of the possible relationship be- 
tween potassium fixation in certain orchard soils and the occurrence of a type of 
leaf scorch on apple trees, studied the vertical penetration of potassium applied 
to the surface of Ohio apple orchards. They found only very slight movement 
of this nutrient below the top 6 inches in sod or in cultivated soils. Under an 
organic mulch, however, potassium was found to penetrate in considerable quan- 
tities to depths of 24 to 32 inches. 

Nightingale, Schermerhorn, and Robbins (8) and Janssen and Bartholomew 
(4) showed that potassium remains water-soluble and is translocated freely 
through the tops of plants from mature or nearly mature tissues to regions of 
active growth. Mason and Maskell (6) found that potassium is translocated 
from the top of cotton plants to the roots. They suggested, moreover, that the 
return of potassium and other inorganic nutrients to the roots influences the ab- 
sorption of additional nutrients by the roots. 

If potassium is translocated freely from one region of growth to another through 
the tops of plants, or from the tops to the roots, why should we not expect this 
mobile nutrient to be translocated upward or downw^ard through roots in re- 
sponse to the stimulus of actively grovdng tissues wherever such tissues may oc- 
cur along the same vascular track? On the other hand, -we have little reason to 
expect much cross-transfer of potassium from roots emerging from one side of 
the root system to those emerging from the other side, especially in tree roots, 
since Auchter (1) and others found that cross-transfer of nutrients from roots 
emerging on one side of fruit trees to the branches on the other side takes place 
only to a minor degree. But if potassium is translocated from one part of a root 
system to another, then surface soil applications of this nutrient, if absorbed by 
roots in that area, might be expected to provide potassium to the whole tree. 

^ Journal Series paper of the New Jersey Agricultural Experimeat Station, Rutgers 
University, division of horticulture. 
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We have precedent to anticipate such translocation through roots in the excel- 
lent work of Breazeale (2), who demonstrated that wheat plants absorb water 
from an3^ soil horizon in which moisture is available and may transport it to 
another horizon in which a deficiency of moisture exists. Breazeale also demon- 
strated that sufficient water may be translocated from roots provided with mois- 
ture to other roots in soil maintained below the wilting percentage and that the 
latter roots may exude this water in amounts sufficient to enable the absorption 
of nutrients from the relatively dry soil. 

PLAN OF INVESTIGATION 

In June, 1938, preliminary experiments were conducted to determine whether 
potassium is translocated from an upper tier of roots, corresponding to roots in a 
surface soil, to a lower tier of roots, corresponding to those in a B horizon or in a 
subsoil. For this purpose only two exti’emely potassium-deficient 1-year-old 
peach trees were used. The progress of potassium translocation in the roots of 
these trees was followed by means of microchemical tests on free-hand sections 
of representative root samples examined under a microscope. 

The definite evidence of potassium translocation obtained from the 1938 
studies prompted a series of experiments conducted the following summer on a 
scale adequate to enable the movement of potassium among roots to be estimated 
quantitatively. An abstract of some of this work was published in 1941 (3). 

Description of double-chambered cultures 

In order to study the movement of potassium verticall}' from one tier or layer 
of roots to another, it was necessary to prepare special double-chambered cul- 
tures in which the roots might be placed in inert sand and supplied with nutrients 
with the possibility of contamination from one chamber to another reasonably 
precluded. Such containers were easily prepared from a combination of an 8- 
inch standard clay pot and a glazed earthernware crock. The clay pot was 
drilled at the intersection of the bottom and the wall to accommodate a no. 3 
rubber stopper. The bottom drain hole ^vas enlarged by filing to permit a glass 
tube 1-inch in diameter and 7 inches long to be sealed securely in place within the 
clay pot by a specially bored no. 8 rubber stopper. After the pot was drilled 
and filed, it was given two coats of Bakelite varnish on all surfaces. In the 1939 
and subsequent experiments, the pots were given a final coat of aluminum paint 
on the outside in order to minimize the absorption of heat. 

Roots to be placed in the bottom chamber were inserted through the glass 
tubing in the center of that chamber. Only roots of sufficient length for this 
purpose could be used. A piece of small, heavy-walled glass tubing extended 
through the side of the top chamber and was connected by means of thick-walled 
rubber tubing to another piece of heavy wvalled glass tubing which extended 
through the drain hole in the bottom chamber. The latter tube was made to 
extend through the drain sufficiently far to preclude any contamination to the 
bottom of the culture. Adjustment of the length of rubber tubing used to con- 
nect the diain from the top chamber enabled this chamber to rest firmly and 
uprightly on the sand in the bottom chamber. 
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The upper chamber was filled with sand to a level approximately | to f inch 
below the top of the glass tube. 


Plant material 

One-year-old dormant nursery peach trees with long taproots were selected, 
and side roots were removed in order to stimulate the development of new flexible 
ones of fairly similar size. The trees ’were planted in w'ashed white sand, in tall, 
3-gallon, glazed crocks and were supplied with a potassium- and ammonium-free 
nutrient solution. A¥hen the trees showed symptoms of potassium deficiency, 
the roots wure carefully w-ashed out of the sand and the plants were transferred 
to double-chambered sand cultures. 

Since it has been demonstrated that the cross-transfer of nutrients takes place 
only very slowly in fruit trees, roots w^ere selected in such a manner that one in the 
lower half was paired with one of similar size directly above it in the upper half of 



Fig. 1. One-Year-Old Peach Trees Growing in DotTBLE-CHAMBERED Sand Cultures 

the root system. Four or more roots to | inch in diameter were selected in 
each half, and all others were removed. The lower half of the root system ’was 
passed through the glass tube in the center of the top chamber and was then dis- 
tributed as widely and deeply as possible in the sand of the bottom chamber. 
Peach trees with their roots divided betw^een the two chambers are illustrated in 
figure 1. 

In order to compensate for the decreased size of the root system, the tops of 
the trees were severely cut back at the time the roots were pruned and distributed 
in the double-chambered cultures. 

All plants were supplied daily with applications of a potassium-free nutrient 
solution until symptoms of severe potassium deficiency developed. At this time 
different nutrient treatments were applied to allow a study of potassium trans- 
location. Considerable care was required in the application to the top chambers 
of nutrient solutions containing potassium in order to avoid overflow through 
the center tube, thus contaminating the sand in the bottom chamber. Wash 
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bottles were used to appl}^ the solution when the treatments required the addi- 
tion of potassium to top chambers. 

Nutrient solutions 

Only two nutrient solutions were required for this study: (a) a ''complete” 
solution containing 0.0045 M Ca(N 03 ) 2 , 0.0036 M .KH2PO4, and 0.00237 M 
MgS04, and (b) a potassium-free solution containing 0.0045 M Ca(Ts^O'5)2, 0.0036 
ilf NaH2P04, and 0.00237 M MgS 04 . Minor elements were added to both solu- 
tions in the following concentrations: 1.0 p.p.m. Mn, 0.3 p.p.m. B, 0.05 p.p.m. 
Zn, and Fe in amounts varying from 0.1 to 10 p.p.m. depending on the prevalence 
of iron-deficiency chlorosis. Ammonium nitrogen was omitted from the nutrient 
solutions to avoid interference with potassium tests and analyses. 

Procedure for 1939 experiments 

A group of 32 carefully selected peach trees, already established in double- 
chambered cultures, and all showing symptoms of severe potassium deficiency, 
were divided into the following treatments: series I, control trees to which a po- 
tassium-free nutrient solution was applied in both root chambers; series II, trees 
to which a complete solution was applied to the top chamber and a potassium- 
free solution to the bottom; and series III trees to which a potassium-free solution 
was applied to the top chamber and a complete solution to the bottom. 

Trees were harvested 5, 13, and 43 days after application of potassium to one 
of the chambers. The first harvest consisted of four trees from each of series I 
and II showing the most severe foliar symptoms of potassium deficiency. Sub- 
sequent harvests comprised four trees from each series. At the time of the second 
harvest, two trees in series I showed symptoms of extreme potassium deficiency, 
and these were sampled separately from the other two trees. Similarly, two of 
the trees selected from series II at this time showed more advanced symptoms of 
potassium deficiency than the other plants chosen and, therefore, they were 
sampled separately. 

The trees were aliquoted into terminal 6-inch portions of stems, fleshy and 
fibrous roots less than inch in diameter from top chambers, and corresponding 
root samples from bottom chambers. Only live roots were included. All sam- 
ples were dried rapidly at 73''C. with forced air circulation. The samples were 
ashed and analyzed for potassium, calcium, and magnesium. All results were 
calculated on a dry-weight basis. The values for root analyses were calculated 
on a silica-free, dry-weight basis. 

Each culture was examined carefully for evidence of leaks whenever roots were 
removed, but none were found. Moreover, the sand from one or more bottom 
chambers of series II was leached at each harvest period, and the leachate was 
tested for potassium. In all instances, negative results were obtained. 

RESULTS AND DISCUSSION 

The young peach trees used for the preliminary studies were so deficient in 
potassium that severe foliar necrosis and stunting of growth were very evident, 
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and nearly all of the potassium present in the fleshy roots was found in the phloem 
tissues. Only rarely was more than one crystal of K2NaC0(N02)6 found in an 3 ^ 
phloem cell. In general, not more than one out of 50 cortical cells contained 
potassium. Some fibrous roots contained potassium in x^dem cells as well as in 
the phloem. 

One day after potassium was added to the top chambers, root samples com- 
parable to those examined the previous day were removed from the bottom cham- 
bers and tested for potassium. Man^^ of the fleshy roots contained more than 
one ciystal of K2NaC0(N02)6 in the phloem. An increase over that found the 
previous day was apparent in most sections examined, indicating that some move- 
ment of potassium from the top roots had already occurred. No change in the 
potassium content of either the cortex or xylem could be detected at this time, 
however. 

After five daily applications of a complete nutrient solution had been given to 
the top chambers, while a potassium-free solution was applied to the bottom 
ones, root samples were again tested microchemically. Fleshj^ roots from the 
bottom chambers at this time showed an abundance of potassium in the stele. 
Cortical cells usually contained at least one or two ciystals of K2(NaC0(N02)6, 
and some showed as many as 14. It was evident from these results that potas- 
sium was being adsorbed by the roots in the top chamber and translocated in 
considerable amounts to the potavssium-deficient roots in the bottom chamber. 

After 41 days the cultures were taken apart. The sand in the bottom cham- 
bers was leached, and the leachate, after concentration to a small A'Olume, was 
found to be free of potassium. The roots in the bottom chambers (fig. 2) were 
found to have made slightly better growth than those in the top chambers. This 
was due undoubtedly to the higher and less favorable temperature that prevailed 
in the red, moisture-proof pots as compared with that in the large, white, bottom 
chambers. The new growth on bottom root systems showed no signs of inade- 
quate potassium supply. That the roots in the top chambers alone were able to 
absorb an adequate supply of potassium for good growth is illustrated by the 
tree shown in figure 3. 

The progress of potassium translocation among roots of the 1939 experiments 
is best illustrated b^" a comparison of figures 4, 5, and 6. In figure 4 it may be 
seen that roots to which potassium was supplied absorbed the nutrient rapidl}-^ 
and that a small amount of it was transported to roots in the bottom chambers. 
That the small increase in potassium content of roots in the bottom chambers, 
as compared with that found in series I, is significant as indicated b}'' the trend 
shown in figures 5 and 6. Strong support to the values in figure 4 is also fur- 
nished b^^ the marked increase in potassium found in the stele and cortical cells 
on the fifth day of the 1938 experiments. 

Figure 5 shows that by the 13th day very marked increases in potassium con- 
tent were found as a result of translocation from roots supplied with a complete 
nutrient solution. With continued absorption, moreover, the amounts trans- 
located to roots receiving no external supply of potassium gradually’' increased, as 
shown in figure 6. 




Fig. 2 Fig. 3 

Fig. 2. Pe.\ch-Tree Roots from Loaver Chamber in 1938 Experiments 41 Days after 
Potassium was Applied to Top Chamber 



An abundance of new, active roots has been developed as a result of potassium 
translocated from above 

Fig. 3. One-Year-Old Peach Tree from 1938 Experiments, Shoaving Top Groavth 
41 Daa^s after Potassium Was Applied to Upper Chamber 
Symptoms of potassium deficiency are evident on the old foliage near bases of 

lower branches 



Fig. 4. Potassium Content, as Per Cent of Dry Weight, 5 Days after Shift to 

Plus-Potassium Treatment 


small fibrous roots, however, Avould be less than 1.0 per cent on a dry-Aveight 
basis, since that amount of potassium in dry leaves usually has been found ade- 
quate for the peach. 
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Series III roots in the top chamber after 43 days contained only 0.693 per cent 
potassium, but they were normal in appearance and had developed considerable 
growth following the application of potassium to the bottom chamber. 

Plant tissues usually accumulate calcium and magnesium when they contain 
relatively little potassium. Similarly, they usually accumulate potassium when 
calcium or magnesium is low. The results presented in table 1 show that as the 
potassium content of roots receiving none of this nutrient from the sand increases 
as a result of translocation, the calcium content of those roots decreases. Mag- 
nesium shows no definite trend in this respect. It is quite obvious, however, 



Fig. 5 . Potassium Content, as Per Cent of Dry Weight, 13 Bays after Shift to 

Plus-Potassium Treatment 

A, plants showing mild symptoms of potassium deficiency; B plants showing pronounced 
symptoms of potassium deficiency 



Fig, 6 . Potassium Content, as Per Cent op Bry Weight, 43 Bats after Shift to 

Plus-Potassium Treatment 


that when potassium is supplied to one of the root chambers of a culture, the 
magnesium content of the roots in that chamber decreases. 

The results of these investigations do not justify the conclusion that the pres- 
ence of potassium in the soil (or root medium) surrounding each root is “without 
beneficial effects. Similarly, the excellent growth of roots with potassium pro- 
vided entirely by translocation from other roots above or below them on the same 
tree is not conclusive evidence that a supply of potassium in the root medium 
around each root would not have stimulated growth even superior to that ob- 
tained in these investigations. On the other hand, it is unlikely that the subsoil 
of a suitable orchard site would be so devoid of potassium as was the sand in the 
root chambers of this study, provided as they were with potassium-free nutrient 
solutions. 
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Potter and Percival (9) have demonstrated that apple trees with an abundance 
of roots extending through and even to the top of the soil may quickly absorb 
potassium from surface applications and translocate it to the foliage. These 
findings are evidence of the practical application of the results reported herein. 

From the results of this investigation, it may be concluded that orchard cul- 
tural practices which favor the development of extensive and active root growth 
in the surface soil should lead to economy and efficiency in the use of potash fer- 
tilizers. They show, moreover, that potassium absorbed by roots in the surface 
soil may be made available to roots in the subsoil by translocation through the 

TABLE 1 

Comparative potassium, calcium, and magnesium contents of peach twigs and roots grown in 
douhle-chamhered cultures with different nutrient treatments 
(Twig analyses are expressed on percentage of dry "weight basis, and root analyses are 
expressed on percentage of silica-free dry weight basis) 



SERIES r 

SERIES II 

SERIES III 

Top Chamber Treatment 

Minus K 

PlusK 

Minus K 

Bottom chamber treatment 

Minus K 

Minus K. 

PIusK 

Material Analyzed 

K 

Ca 

Mg 

K 

Ca 

Mg 

K 

Ca 

Mg 

After 5 days 










Twig terminals''" 

0.375 

0.878 

0.207 

0.772 

0.889 

0.376 




Top roots 

0.028 

3.725 

0.278 

0.952 

3.807 

0.337 




Bottom roots 

0.026 

3.868 

0.342 

0.033 

4.245 

0.408 




After 13 days 










Twig terminals* 

0.431 

0.818 

0.228 

1.091 

1.269 

0.229 





0.404 

0.749 

0.264 

0.672 

1.099 

0.235 

1.047 

1.130 

0.295 

Top roots 

0.157t 

2.614t 

0.439t 

2.877 

2.282 

10.324 

0.332 

1.992 

|0.487 





2.472 

2.301 

0.305 




Bottom roots 

0.026t 

4.394t 

0.489t 

0.444 

3.217 

0.503 

2.425 

1.858 

0.556 





0.486 

3.217 

0.432 




After 43 days 










Twig terminals* 

0.376 

1.017 

0.231 

1.212 

1.272 

(1 91 A 

1 7Qn 

h QQ9 

A 17Q 

Top roots 

0.154t 

2.770t 

0.382t 

2.356 

2.567 

\J • Jj1\j 

0.228 

0.693 

1.385 

u . 1 / y 

0.625 

Bottom roots 




1.255 

2.371 

0.467 

3.984 

0.929 

0.346 


* Tip 6 inches. 

t Samples comprised top and bottom roots combined. 


root systems of trees. Under such cultural practices on soils with high potas- 
sium-fixing capacity, trees may be expected to absorb this nutrient effectively 
from ^rface applications. In contrast, the results of these studies indicate that 
there is little, if any, justification for subsoil applications, or injections, of potash 
fertilizers. ’ 

SUMMAEY 

By the use of special double-chambered sand cultures which enabled the sep- 
aration of peach roots into two distinct horizontal layers, it was possible to apply 
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potassium to one layer of roots mthout contamination of the others. The re- 
sults of these studies have shown that potassium may be absorbed by one layer 
of roots and may be translocated vertically up or down through the root system 
rapidl}^ and in considerable quantities to other roots receiving no external supply 
of this material. 
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If an organism from the nodule of a leguminous plant will effect nodiilation on 
another plant, the two plants are considered as belonging to the same ‘^cross- 
inoculation group.’’ From the results of such tests a series of groups have been 
fostered in which the rootmodule organism is mutually interchangeable. A list 
of 16 of these groups can be foimd in the studies by Fred, Baldwin, and McCoy 
(6) published in 1932. Since this date, the suggestion has been made that 
certain groups should be combined and that other groups should be added, so 
that at present at least twenty-two groups have been proposed. Even this num- 
ber of groups did not provide for all exigencies, and the further suggestion was 
made that groups within groups should be arranged (1). 

Within the last few years considerable doubt has arisen concerning the validity 
of these groups. Wilson (10, 11) concluded from the results of various workers, 
whose ideas he reviewed, as well as from the results of his own work, that neither 
a sufficient number of plant species nor a sufficient number of diverse strains of 
the organism had been emploj^ed by investigators, in a comparative study of the 
symbiotic relations as measured by nodulation and by nitrogen fixed, to justify 
the establishment of definite cross-inoculation groups or to encourage the use of 
those that have been arranged. He suggested that though the groups may be 
useful in a practical way, certainly from the scientific standpoint they should be 
abandoned. This conclusion and suggestion resulted from a study of the nodu- 
lating performances of isolates from legumes and from a study of the morphology 
and the physiology of the isolates. The data in this paper are presented in sup- 
port of the idea that the cross-inoculation groups should be abandoned. 

METHODS 

NuTYierical list of plants employed 

Seeds of various plants employed in this work were obtained from various 
exchanges or from the U. S. Department of Agriculture or were gathered for the 
particular purpose. In some cases it was necessary to grow plants to the bloom 
stage in order to be certain of the species. A numerical list of the plants used 
follows. 

1. Ahrus precatorius L., 2, Alhizzia julibrissm Biov., 3. Amorpha canescens 
Pursh, 4. A. elata Pursh, 5. A. fniticosa DC., A, microphylla Pursh., 7. Amphicarpa 
monoica EIL, S. Anihyllis vulneraria DC., 9. Astragalus menziesi A. Gray, 10. A. Nuttali- 
anus DC., 11. A. rubyi Green & Morris, 12, A. ver us Georgi, 13. Baptisia australis R. Br., 
14, Cajanus indims Spreng, 15. Caragana frutecens DC., 16. Cassia chamaecrista L., 17. 
Coronilla varia L., 18. Crotalaria anagyroides HBK., 19. C,falcata VahL, 20. 0. hildehrantii 
Vellca., 21. C, intermedia Kotschy., 22. C, juncea L., 23. C. lanceolata E. Mey., 24. C. maxih 
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tom Klotzsch., 25. C. Baker,, 26. C. my sorensis Roth., 27 . C.polyspermaKotschj., 

28. C. sagittalis L., 29. C. sericea Willd., 30. C, silvesiris, 31. C. spectabilis Roth., 32. C. 
striata DC., 33. C. usaramoensis Baker, 34. C. verrucosa L., 35. Dalea alopecuroides Willd., 
36. Desjnodium canadense DC., 37. D. canescens DC., 38. Glycine max (L.) Merr., 39. 
Laburnum vulgare L., 40. Lathyrus maritinius Bigel, 41. L. partense L., 42. Lens esculenta 

L. , 43. Lespedeza formosa (Vogel) Koehne, 44. L. striata Hook & Am., 45. Leucaena glauca 
Benth., 46. Lotus corniculatus L., 47. L. crassiflorus Pers., 48. Medicago lupulina L., 49. 

M. saiiva L., 50. Mimosa invisa Mart., 51. Onobrijchis viciaefolia Scop., 52. Ononis vaginalis 

Vahl., 53. Oxytropis Lambertii Pursh., 54. Phaseolus coccinens L., 55. P. vulgaris L., 56. 
Rhynchosia minima DC., 57. Robinia Pseudo-Acacia L., 58. Schrankia uncinata Willd., 59. 
Sesbania macrocarpaMnhl., 60. Spartium scoparium L., 61. Stizolobiujn Deermgianwn Brot., 
62. Strophostyles helvola (L.) Swainsona cor onillaefoliaSalish., 64:. Tephrosiavo- 

gelii Hook., 65. Thermopsis carolinianaM,, A. Curt., 66. Trifolium alexandrianum L., 67. T. 
ambiguum Bieb., 68. T. arrewseL., 69. T, duhium Sebath., 70. T.fragiferum L., 71. P. hybridum 
L., 72. T. medium L., 73. T. pratense L., 74. T. repens L., 75. Trigonella Foenum-Graecum L., 
76. Yicia faha L., 77. V. pannonica Grants, 78. V. villosa Roth., 79. V. villosa var. Gore, 80. 

mis Endl., 81. Wistaria chinensis DC., %2. IF./n/toscens Ralin. 

Laboratory procedure 

The methods employed in obtaming evidence on which to base conclusions that 
the plant-bacteria groups should be abandoned w^ere similar to those previously 
described (9). The symbionts w^ere housed during the growing period in sur- 
roundings from which interfering organisms -were excluded and in which fairly 
satisfactory growing conditions were maintained. Adequate controls were pro- 
vided. The seeds of all species were immersed in concentrated sulfuric acid for 
an appropriate time, washed to remove the acid, treated with a solution of cal- 
cium hypochlorite (9), and planted in the flasks with the chlorine adhering to 
them. After an hour or so, the sterilized soil in the contamers was inoculated 
by dropping a suspension of the desired organism over the surface b}^- means of a 
pipette. The containers with the plantings were kept in a greenhouse for 30 
or more days before the roots were examined for nodules, 

PEESENTATION OF DATA 

If the cross-inoculation groups are as inclusive and as exclusive as they are 
supposed to be, a plant that bears nodules after exposure to an isolate should be 
placed with or belong to the group from which the isolate came. This provides 
the boundary around the group and furnishes the necessary reciprocality and 
specificity which are necessary to establish the group. If the plant symbioses 
with isolates from other groups, or if the organism effects nodules on plants in 
other groups, the groups lose their value and the organism is not specific for a 
group. Should the isolate effect nodules on a plant outside the group or on 
plants in another group, it apparently has not been materially changed, for no 
evidence is available to indicate that an isolate, while sojourning in symbiosis 
with such plants, has lost its ability to symbiose again with the species from which 
it was originally isolated. 

Performance of isolates as related to cross-inoculation groups 

With such prescribed boundaries it should be easy to assign a plant to a particu- 
lar group and to maintain those groups that have been arranged. The per- 
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formance of isolates will indicate how much confidence can be placed in the 
groups. The data are arranged in table L 
It appears that the isolates emploi^ed were not specific for any cross-inocula- 
tion group. The organism from Albizzia julibrissin sjmibiosed with plants that 
have been assigned individuall}" to five groups. The organism from Cassia 

TABLE 1 


Performance of isolates with plants of various cross-inoculation groups and with other plants 

not assigned to any group 


ISOLATE FKOit 

SYMBIOSED WITH PLANT NUilBEIl* 

NUMBER 

OP GROUPS 
REPKE- 
SENTED 

ADDITIONAL 

NUMBER 

NOT 

assigned! 

Albizzia julibrissin 

2, 5, as, 69, 71 

5 

Several 

Cassia chamaecrista 

3, 4, 6, 6, 16, 22, 35, 53, 66, 68, 
69, 70, 71, 72, 73, 74 

5 

25 

Dalea alopecuroides 

3, 4, 5, 6, 16, 35, 55, 57, 61 

6 

31 

Desmodiurn canadense 

3,4,5,6,14,36,38,55,57,77 

7 

30 

Glycine max 

5, 30, 38, 55, 57, 60 

5 

18 

Lespedeza striata 

3,4, 5, 6, 10,38,44, 31,55,57, 
68, 69, 70, 71, 72, 73, 74, 78 

8 

27 

Lotus corniculatus 

3, 22, 35, 41, 44, 46, 55, 57, 59 

7 

7 

Lupinus perennis 

5,16, 35, 36,46, 51,55, 57,59, 
60, 76 

8 

12 

Medicago saliva 

5, 49, 54, 57 

4 

8 

Onobrychis viciaefoUa 

5, 46, 51 

3 

6 

Oxytropis Lambertii 

4, 16,46,53,55,57,60,69,71, 
73, 74, 77 

7 

24 

Phaseolus vulgaris 

5, 8, 36 , 51, 55, 57 

6 

11 

Robinia Pseudo-Acacia 

5, 46, 49, 51, 55, 57, 77 

7 

12 

Sesbania macrocarpa 

35, 55, 57, 59 

4 

29 

Stizolohium Deeringianum 

5, 8, 15, 35, 55, 57, 61, 62, 66 

9 

38 

Strophostyles helvola 

8, 28, 51, 57, 62, 73 

6 

n 

Swainsona coronillaefolia 

5, 16, 17, 46, 48, 55, 66 

6 ,, 

43 

Thermopsis caroliniana 

5, 22, 61, 55, 57, 65, 73, 78 

6 

8 

Trifolium pratense 

5, 22, 55, 57, 77 

6 

27 

Yicia villosa 

5, 16, 22, 35, 49, 51, 57 

5,8, 16,22,35,38,51,55,57,80 

8 

21 

Vigna sine^isis 

7 

24 

Wistaria chinensis 

5, 16 , 31, 35 , 55, 57 , 71, 75 

7 

22 

Wistaria frutescens 

38, 68, 69, 71, 72, 74, 77, 82 

2 



* For name of plant, see corresponding number in numerical list of plants, 
t Refers to the number of additional plants that have been observed to symbiose with 
isolate but which have not been included in any group. They are not referred to by num- 
ber in the numerical list. 

chamaecristaf a plant that has been included in the cowpea group, symbiosed 
with members of five groups, and the isolate from Lotus corniculatus symbiosed 
with members of the following groups: amorpha, bean, cowiiea, dalea, locust, 
lotus, and pea. All twenty-three isolates symbiosed not only with representa- 
tives of several groups but also with plants that have not been included in any 
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group. Since these isolates are not specific for a group, it is evident that, when 
nodulation is used as a standard of judging, such plants cannot be assigned to 
any one cross-inoculation group. 

Promiscuity of plants with various isolates as related to cross-inoculation groups 

If an isolate from a nodule will symbiose with members of several cross-inocu- 
lation groups, as shown in table 1, it seems reasonable that a plant might exhibit 
promiscuity with isolates from nodules of members of several groups. The re- 
sults obtained from such a combination might depend on the particular strain 
or strains of the organism that were obtained. In a study of leguminous plants 
and their associated organisms, Wilson (9) found that W. chinensis DC. sym- 
biosed with fourteen of thirty-two isolates that represented several cross-inocula- 
tion groups. Also W, frutescens Rafin. symbiosed with two of the same thirty- 
two isolates. These two were from different cross-inoculation groups. Other 
references to the symbiotic relations between species of Wistaria and the rhizobia 
have not been found in the literature. References to symbiotic promiscuity 
among the legumes are, howwer, available. Wilson (10, 11) reviewed the sub- 
ject, presented data relating to the promiscuity of thirty-seven isolates from 
Amorphafruticosa DC. with fourteen species of legumes and of one hundred eighty- 
two isolates from various legumes wdth two species of Crotalaria, suggested that 
promiscuity is widespread among the legumes, and pointed out that it is closely 
associated with the degree of self-or cross-pollination of the plants. Some results 
of exposing plants of various species to such isolates are detailed in table 2. 

The nodulation of nine species with isolates from nodules of sixty-one species 
shows that promiscuity with these diverse isolates is widespread. Astragalus 
Nuttalianus DC. was observed to bear nodules after exposure to isolates from 
plants that have been included in the following groups: alfalfa, bean, caragana, 
clover, cowpea, dalea, and lotus, Doha alopecuroides Willd., a plant comprising 
one group with a specific organism for that group, bore nodules after exposure to 
isolates frpm nodules of plants of eight groups. Also Desmanihus illinoiensis, o, 
plant that has not been included in any group, developed nodules after exposure 
to isolates from nodules of plants of seven groups. These findings, therefore, 
make it possible to assign this plant to each of the seven groups. The promis- 
cuity of other plants with isolates from members of various groups is evident also 
from the data in table 2. 

Incomplete reciprocality of strains with plants and its relation to cross-inoculation 

groups 

If promiscuity exists throughout the Leguminosae between the species of plants 
and the bacterial strains of the Rhizobia, as indicated in the preceding data, it 
follows that strains with different serological, morphological, physiological, cul- 
tural, and biochemical characters may symbiose with and can be isolated from 
a certain species or even from an individual plant. Such strains when tested for 
their symbiobility with numberous species of legumes may exhibit many varia- 
tions in nodulating performances, Leonard (7) found that four of eleven isolates 
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from cowpea would not symbiose mth soybean, whereas twenty-seven from soy- 
bean, representing isolates from four varieties, symbiosed with cowpea. He 
noted also that in some cases the soybeans were rather poorly nodulated after 
exposure to the isolates from cowpea, whereas in all cases the isolates from soy- 
bean produced almost as good nodulation on cowpea as did the isolates from the 
cowpea itself. While studying leguminous plants and their associated organ- 
isms, Wilson (9) noted several cases of incomplete kinship but cites only one. 

TABLE 2 

Promiscuity of plants with isolates from various legumes and its relation to the cross- 



inoculation groups 


PLANT TJSED 

ISOLATES PROM PLANTS BELOW SYMBIOSED WITH 
PLANT USED* 

NUMBER OP 
CROSS-INOCU- 
LATION GROUPS 
REPRESENTED 

Astragalus Nuttalianus 

9, 10, 11, 12, 15, 16, 24, 25, 31, 35 (7 diverse 
isolates), 44, 45, 46, 49 (2 of 4 isolates) , 
54,58,67,74,80 

7 

Cassia nictitans 

1, 18, 21, 23, 26, 29, 32, 33, 36, 37, 38 (5 
of 12 isolates) , 43, 45, 50, 54, 64, 80 

3 

Crotalaria sagittalis 

2, 13, 15, 16, 19, 20, 21, 23, 24, 25, 26, 28, 
30, 31, 32 (2 isolates), 33, 35, 36, 38 (13 
isolates), 42, 44, 50, 53, 59 , 61, 67, 73, 
78, 80, 82 

8 

Dalea alopecuroides 

5, 15, 20, 29, 31, 34, 38, 46, 54, 59, 61, 63, 
78, 82 

8 

Desmanthus illinoiensis 

5, 9, 10, 11, 12, 23 (2 isolates), 27, 28, 30, 
31, 32, 33, 34, 35 (7 diverse isolates) , 36, 
42, 45, 46, 47, 54, 58, 59, 63 (1 of 2 iso- 
lates), 76, 78, 80 

7 

Indigofer a suffruticosa 

12, 31 

2 

Lespedeta intermedia 

21, 32, 33, 46 

2 

Lotus corniculatus 

Wistaria fruiescens^ 

2, 15, 31,38, 42, 46, 51, 53, 57, 58, 61 , 62, 63, 
73, 80 

1, 5 (3 isolates), 9, 11 (6 isolates), 12, 15, 
16, 18, 19, 20, 21, 23, 24, 25,27, 28,29, 30, 
31, 32, 33, 34, 35 (8 diverse isolates), 
36, 38 (11 isolates), 40, 44, 45, 46 , 47, 
49, (4 isolates), 50, 52, 54, 56, 57, 58, 59, 
64, 67, 70, 74, 78 (3 isolates), 80, 82 

9 


* For name of plant, see corresponding number in numerical list of plants, 
t Plants grown for 50 days. 


The isolate from Amorpha fruticosa DC. did not symbiose with Vida villosa 
Roth, whereas the isolate from F. villosa symbiosed with both of these species. 
Sears and Clark (8) foimd that nine isolates from the garden bean plant failed to 
effect nodulation on Wood’s clover plants, whereas seven isolates from Wood’s 
clover plants symbiosed with the navy and the garden bean plant. These in- 
stances do not embody the entire list of references on this subject but merely 
serve to indicate that such incomplete reciprocal relations do occur and that this 
fact has been known for two decades. 
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The meaning of these relations is not known. It relates probably to variations 
in the strains of the organisms which happen to be in association with the plants, 
to the heritable background of the plants, to the conditions under which the 
infoi-mation was obtained, or to two or more combinations of these. Additional 
cases of this incomplete reciprocality may serve to aid in the classification of the 
Rhizobia, to indicate the uselessness of the cross-inoculation groups, or to serve 
in other capacities. 


TABLE 3 


Cases of incomplete reciprocality of strains of Rhizohium with leguminous plants 


LEGUME USED 


ISOLATE EROM THE PLANT LISTED BELOW 
SVMBIOSED WITH LEGUME USED, BUT ISOLATE PROM LEGUME USED 
DID NOT SYMBIOSE WITH THE PLANT LISTED BELOW* 


Alhizzia julihrissin 

Amphicarpa monoica .... 

Cassia chamaecrista 

Crotalaria speciabilis .... 

Dalea alopecuroides 

Desmodium canadense . . . 

Glycine max 

Laburnum vulgare 

Lespedeza striata 

Lotus corniculatus 

Medicago sativa 

Onobrychis viciaefolia 

Oxytropis Lambertii 

Phaseolus vulgaris 

Robinia P seudo- Acacia . . 

Spariium scoparium 

Strophostyles helvola 

Swainsona coronillaefoUa 
Thermopsis caroliniana . . 

TrifoUum pratense 

Vida villosa 

Vigna sinensis 

Wistaria chinensis 


13, 15, 35, 39, 61, 78, 80 
2, 61 

2, 35, 61, 78 
2 

15, 38, 46, 61, 78, 82 
15, 35, 61, 63, 73, 78, SO 
2, 13, 44, 55 
15 

2, 39, 46, 61 

2, 15, 31, 38, 53, 61, 62, 63, 73, 80 
7, 13, 15, 31, 35, 36, 38, 51, 62, 63, 78, 80 
2, 7, 13, 15, 16, 53, 57, 63, 65, 78, 80, 82 
2, 13, 15, 31, 38, 80 

2, 7, 13, 15, 16, 31, 35, 44, 46, 63, 78, 80 
7, 13, 15, 16, 31, 35, 36, 38, 44, 53, 60, 61, 65, 73, 
80, 82 

13, 15, 16, 38, 61, 78, 80 
2, 35, 61 
2, 5, 78 

2, 13, 15, 35, 36, 44, 46, 53, 59, 61, 63, 80, 81 
2, 15, 35, 62, 78 
44 

15, 73 

2, 15, 38, 44, 61, 63, 73 


78, 


* For name of plant, see corresponding number in numerical list of plants. 

As an example of this relationship, in table 3 an isolate from plant number 13, 
which is Baptisia australis R.Br., symbiosed with legume used, Albizziajulibrissin 
Biov. but the isolate from this legume did not symbiose with plant number 13. 
This indicates the incomplete reciprocal relation of strains of the Rhizobia with 
leguminous plants. 

In table 3 are recorded 146 cases in which there was a lack of complete recipro- 
cal relation. Some of these were between plants within the same cross-inocula- 
tion groups and the organisms from these plants. Other cases were between the 
plants of different groups and their organisms. Still others were between plants 
unassigned to any group and plants assigned to a group and their organisms. 
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Only one case was found in which an isolate from a plant symibiosed with 
Crotalana spectabilis Roth, and in which the isolate from C. spectabilis Roth, 
failed to S 3 mabiose with the plant. Similar findings were obtained when Labur- 
num vulgare L. was used. In 17 cases the isolates from different species sym- 
biosed with Robinia Pseudo-Acacia L. but the isolate from i2. Pseudo-Acacia L. 
did not symbiose with these 17 different species. All other cases came between 
these extremes. 


DISCUSSION 

From the nodulating performances of numerous isolates of the root-nodule 
organism it appears that the cross-inoculation groups are inadequate. The in- 
ability to establish boundaries around a certain legume organism or around a 
definite legume plant indicates that the cross-inoculation groups are inoperative 
and that from the scientific standpoint they should be abandoned. When a 
plant assigned to a certain group will bear nodules after exposure to an organism 
that will symbiose with a plant included in a different group, a flexible boundary 
if any, exists between the groups. Such proposed boundaries overlap to such an 
extent in many instances that they seem to vanish. This overlapping from 
several groups may incorporate plant species and bacterial strains from several 
of the projected groups. The information recorded in this paper indicates that 
this does occur, for over 500 cases of overlapping boundaries are recorded. 

Since the boundaries between the existing cross-inoculation groups overlap, 
an isolate from a nodule may belong to any one of several groups. A list of the 
isolates that symbiose with Astragalus Nuttalianus shows that the organisms 
might be incorporated in any one of the following groups: alfalfa, bean, caragana, 
clover, cowpea, dalea, and lotus. Also the performance of certain isolates shows 
that Wistaria frutesce7is might belong to any one of the following groups: alfalfa, 
amorpha, caragana, clover, cowpea, dalea, locust, lotus, pea, and soybean. It 
is apparent, therefore, that if either of these two plants had been tested for its 
ability to symbiose with diverse isolates w^hen the cross-inoculation groups were 
being projected, some of the groups would never have been suggested. These 
facts, and similar ones apparent in table 2, make it impossible to say that a cer- 
tain isolate is specific for any one group or for any one plant. An organism 
isolated at one time from a plant like W.frutescens may possess the salient charac- 
ters and morphological appearances commonly associated with the organism from 
alfalfa; at another time, or from another nodule at the same time, the organism 
may possess the salient characters and morphological appearance of the organism 
often found associating with caragana or soybean. 

If these twu species are promiscuous with various isolates, as the data show 
them to be, it should be suspected that a certain organism from either of them 
would not symbiose with numerous species such as those from w^hich came the 
isolates whose organism symbiosed with these two plants. If the plant is re- 
stricted in its association with diverse isolates, then it should be suspected that 
certain organisms from these two promiscuous plants would not symbiose with 
all plants that are greatly restricted in their symbiotic relations. Such findings 
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may account for the incomplete reciprocal relations shown in table 3 and indicate 
the inadequacy of the cross-inoculation groups. 

Furthermore, if it is accepted that promiscuity exists as described in this paper, 
it is evident that a certain isolate can be designated at one time as Khizobium 
phaseoli and at another time as R. trifolii or as something else. From the present 
information, therefore, the ability of an isolate to effect nodulation on a plant 
cannot be regarded as one of the prime characters for the differentiation of species 
of the legume organism. Also the observed incomplete reciprocal relations in 
one himdred forty-six cases between certain plants and the isolates from these 
plants, together vdth the complete reciprocal relations of these same isolates 
with other plants, are taken to mean that an isolate is not specific when measured 
in terms of the cross-inoculation groups. 

The data presented in this paper are similar to those published by a few other 
workers. Carroll (3, 4) did not observe nodules on soybean after exposing the 
plantlets to two isolates from lespedeza, to three from cowpea, to one from Lima 
bean, or to one from velvet bean, but obtained nodules after exposing the plants 
to two additional isolates from cowpea. Allen and Allen (1) observed that an 
organism from a nodule of Cassia mimosoides appeared highly adapted to Phaseo- 
lus lunaim, as evidenced by the formation of numerous nodules, yet an organism 
also from C. mimosoides but from a different locality failed by the same criterion 
to symbiose with P. lunatus. 

Some of the results obtained by Conklin (5) bear directly on the overlapping of 
boundaries between the variously proposed cross-inoculation groups. At least 
sixty-three bacterial isolates were obtained from nodules of seven species of 
plants recognized as belonging to the cowpea group, none of which came from the 
cowpea. Their nodulating performance showed that fifteen isolates would 
symbiose with soybean, forty-four would not, and the relations of four were ques- 
tionable. 

Aquino and Madamba (2) obtained isolates from nodules of seven species of 
plants and tested them for their ability to symbiose with all seven species. They 
found that the isolates from soybean symbiosed with Mungo, lima bean, tapalin, 
peanut, soybean, Calapogonium, and cowpea. The one isolate from cowpea did 
not symbiose with soybean but did symbiose with ail the other species. Also the 
isolate from lima bean, from Mungo, and from Calapogonium symbiosed mth 
soybean, a plant supposed to comprise one entire cross-inoculation group with 
one specific organism* 

SUMMARY AND CONCLUSIONS 

Plants w^ere started from sterilized seed and exposed during their growth to 
bacterial isolates from the nodules of various leguminous plants. They W'ere 
grown in soil in glass containers that were plugged with cotton and previously 
sterilized. The isolates employed wure known to symbiose with the plant from 
which they w^ere obtained, and they comprised one hundred and twenty-five 
stock cultures. The criterion for placing a plant in any cross-inoculation group 
w^as the presence of nodules on the roots of the plants. 


ABANDONING CROSS-INOCULATION GROUPS 


69 


The results indicated that the projected boundaries around the twenty-two 
proposed cross-inoculation groups, which have been built up during the last 56 
years, overlap so much that it appeared impossible to assign a plant to one group 
or to have an organism that was specific for a group. This statement is justified 
by over five hundred recorded cases in which plants could be assigned to more 
than one group. It is suggested, therefore, that each of these cases constitutes 
a reason for abandoning the cross-inoculation groups. 
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PHOSPHORUS FIXATION BY THE COARSE AND FINE CLAY 
FRACTIONS OF KAOLINITIC AND 
MONTMORILLONITIC CLAYSi 

RUSSELL COLEMAN 
Mississippi Agricultural Experiment Station 
Ueceived for publication Aprii 17, 1914 

Most of the phosphorus fixed by the soil is held by the clay fraction, but the 
exact manner in which it is held is not known, nor is it known which portion of the 
clay is responsible for phosphorus fixation. Of the phosphate fixation studies 
made -with clay, some have shown that clay minerals, especially finely ground 
kaolinite, adsorb large amounts of phosphate, w'hereas others have shown that 
free iron and aluminum oxides in clay are primarily responsible for phosphate 
fixation. 

Few’' studies have been made to show the relative amounts of phosphate fixed 
by the coarse and fine clay separates. The purpose of the present investigation 
is to determine the amount of phosphate fixed by the coarse and fine fraction of 
kaolinitic and montmorillonitic clays, both before and after their free iron and 
aluminum oxides have been removed, and thus obtain more information on how" 
phosphorus is fixed by clay. 

MATERIALS AND METHODS 

Both coarse (2--0.2/z) and fine clay (<0.2jLt) w^ere separated from the C horizons 
of Orangeburg sandy loam and Susquehanna clay loam. In a previous study^ 
the fine clay of Orangeburg sandy loam was found to consist only of kaolinitic 
minerals, whereas the fine clay of Susquehanna clay loam w^as found to consist 
only of montmorillonitic minerals. The mineral composition of the coarse clay 
fractions has been determined by x-ray analysis® as follows: 


CLAY MINERAL SUSQUEHANNA COARSE CLAY ORANGEBURG COARSE CLAY 

Per cent per cent 

Montmorillonite 15 to 20 <0.2 

Kaolinite 10 to 15 60 to 70 

Mica 15 to 25 20 to 25 

Quartz 50 to 60 10 to 15 


Clays were separated from Orangeburg sandy loam and from Susquehanna 
clay loam by saturating the soils wdth sodium using N NaOH, dispersing in a 
mechanical stirrer, shaking in an 18 -liter carboy, and siphoning adequate amounts 

^Contribution from the department of agronomy (Soils Division), Mississippi Agri- 
cultural Experiment Station, State College, Mississippi. Published with the approval 
of the director as Paper No. 78, New Series. 

2 Coleman, R. The mineral composition of the colloidal fraction of five Coastal Plain 
soils. 1941. (Doctoral Dissertation, University of Wisconsin, Madison.) 

3 The author is indebted to M. L. Jackson, J. B. Pitner, and N. N. Heilman, soils de- 
partment, University of Wisconsin, Madison, for making the x-ray analyses. 
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after the material (> 2 / 4 ) in diameter had settled according to Stokes' law. The 
fine clay ( <0.2/i) was separated from the coarse clay (2~0.2jl4) by the centrifuge- 
decantation method described by Truog et al (10) . After the clays were made to 
a suitable volume and their concentrations determined, 1-gm. aliquots were 
placed in lOO-ml. centrifuge tubes. The clays were hydrogen-saturated by 
washing with four 50-ml. portions of dilute HCl adjusted to pH 2, and were am- 
monium-saturated by washing with four 50-ml. portions of N ammonium acetate. 
In either case the excess acid or salt was removed by washing with methyl al- 
cohol until all traces of chlorides or ammonia were removed. 

The phosphate solution used for the fixation studies consisted of a H3PO4 solu- 
tion, containing 1000 mgm. of PO4 per liter, which had been adjusted to pH 3.0, 
7.0, or 9.5 by dilute NH4OH. The clays w^ere dispersed in 50 ml. of the phos- 
phate solution (containing 50 mgm. PO 4 ) and shaken for 24 hours on a rotary 
shaker. After the pH of the clay-phosphate solution was determined, the clays 
were flocculated with about 0.5 gm. of NH 4 CI and centrifuged. The phosphated 
clays were washed three times with 50 ml. of 70 per cent methyl alcohol, and all 
of the phosphate removed from the clays was determined. The phosphate not 
removed was considered to be fixed. 

Phosphorus was determined by the Fiske and Subarrow" method as described 
by Parker and Fudge (8), with the following modifications: Before being ana- 
lyzed, the solutions containing the phosphate were made up to 250 ml., of which 
10 ml. was used for the determination. After the color had been developed and 
the solution had been made up to 500 ml., the phosphorus concentration was de- 
termined at the end of 5 minutes by using an Evelyn photoelectric colorimeter. 
Along with every phosphorus determination, both a blank, containing only the 
reagents, and a known, containing the same amount of PO4 as that applied to the 
clay, were analyzed. All determinations were made in duplicate. 

Both coarse and fine clay minerals are coated with considerable amounts of 
free iron and aluminum oxides. In order to determine the adsorptive capacity 
of the clay minerals and the free iron and aluminum oxides, phosphate-fixation 
studies were made on the clays with the free iron and aluminum oxides present 
and also on the clay minerals after the free iron and aluminum oxides were re- 
moved. The free iron and aluminum oxides were removed from the clay min- 
erals by the method of Truog et al. (10), wdth the following modifications: 1 gm. 
of clay, instead of 10 gm. of soil, was used; and the clay minerals were washed 
with HCl (adjusted to pH 2) until all of the free iron and aluminum oxides w^ere 
removed, as shown by the potassium ferrocyanide test. Previous studies (2) 
have shown that such a removal of the free iron and aluminum oxides does not 
destroy the crystal lattice of the clay minerals. 

EESULTS 

Phosphate fixation hy coarse and fine clays 

The amount of phosphate fixed by the hydrogen- and ammonium-saturated 
coarse clays at different reactions is pictured graphically in figure 1. In each 
case the coarse clays fixed considerable amounts of PO4. The amount fixed was 
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dependent, however, upon the reaction of the phosphate solution as well as the 
type of exchangeable cation held by the coarse clay. The H-clays fixed more 
PO4 than similarly treated NH4-clays, and in every case the coarse clays fixed 
more PO4 from acid phosphate solutions than from neutral or alkaline phosphate 
solutions. 



Fig. 1. Phosphate Fixed by Susquehanna (Montmoeillonitic) and Oeangebueg 

(Kaolinitic) Coaese Clays 



Fig. 2. Phosphate Fixed by Montmoeillonitic and Kaolinitic Fine Clays 

The fixation of phosphate by montmorillonitic (Susquehanna) and kaolinitic 
(Orangeburg) fine clays has been discussed in detail in a previous study (2), but 
in order to compare their fixation of phosphate with that of the coarse clays from 
which they were separated, the results with fine clays are pictured graphically 
in figure 2. 
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A comparison of figures 1 and 2 shows that, in most cases, the coarse clay fixed 
about one half as much phosphate as the fine clay. The fixation by the coarse 
clays, however, was influenced by reaction and the exchangeable cation in a 
manner similar to the fine clays from which they were separated. In every case 
the Pl-clays fixed more PO 4 than similarly treated NH 4 -clays, and in each case 
more PO4 was fixed at an acid than at a neutral or alkaline reaction. The fact 
that the clays fix more phosphate at the lower pH suggests that either the clay 
minerals adsorb more PO4 or that the iron and aluminum oxides are more active 
in fixing PO4 at the lower pH. 

Phosphate fixation by coarse and fine clay numerals after removal of free iron 

and aluminum oxides 

After the free iron and aluminum oxides vrere removed from the coarse clays, 
the clay minerals were unable to fix PO4 regardless of the type of exchangeable 


r.H OF ORICINAL PHOSPHATE SOLUTION 



&0 7.5 S.3 

pH OF CLAY- PHOSPHATE SOLUTION 


Fig. 3. Phosphate Fixed by H- and NH4-Montmobillonitic and Kaolinitic Minerals 


cation or the reaction of the phosphate solution. These results show conclusively 
that the coarse clay minerals, even though they contain appreciable amounts 
of kaolinite or montmorillonite, cannot fix phosphate, and that all of the phos- 
phate fixed by coarse clay is due to its free iron and aluminum oxides. Therefore, 
the greater fixation of PO4 hy coarse clay under acid conditions must be due to the 
greater activity of the free iron and aluminum oxides at a low pH. 

The amount of phosphate fixed by the fine clay minerals after the free iron and 
aluminum oxides were removed is shown in figure 3. After the free iron and 
aluminum oxides were removed, both Susquehanna (montmorillonitic) and 
Orangeburg (kaolinitic) fine clays lost most of their ability to fix phosphate, which 
shows that the free iron and aluminum oxides in fine clay are largely responsible 
for phosphate fixation. Even after the free iron and aluminum oxides were re- 
moved from the fine clay, however, both montmorillonitic and kaolinitic clay 
minerals fixed appreciable amounts of phosphate. The studies with fine and 
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coarse clay show that the montmorillonitic and kaolinitic minerals that occur in 
fine clay are capable of fixing phosphate, whereas the kaolinite, montmorillonite, 
and other minerals that occur in coarse clay are unable to fix phosphate. In both 
coarse and fine clay, phosphate fixation is largely due to the free iron and alu- 
minum oxides and not to the clay ncdnerals. 

The similarity between the manner in which phosphorus is fixed by the coarse 
and fine clay fractions before the free iron and aluminum oxides are removed, 
and the fact that, in coarse clay, phosphate fixation is due altogether to the free 
iron and aluminum oxides, offer further evidence to support the belief that phos- 
phate fixation by either coarse or fine clay is determined largely by the activity 
of the free iron and aluminum oxides. 

The total amount of free iron and aluminum oxides in the coarse and fine clays 
is shown in table 1. There is a close correlation between the amount of free iron 
and aluminum oxides in the clays and the amount of phosphate fixed, especially 
under acid conditions. For example, Susquehanna coarse clay containing 74.3 
mgm. of free R 2 O 3 adsorbed 6.42 mgm. PO 4 per gm. at pH 3, and Susquehanna 

TABLE 1 


Amounts of free iron and aluminum oxides in clays 


CLAY 1 

PO 4 FIXED 
BY H-CLAYS 
IN pH 3.0 
PHOSPHATE 
SOLUTION 

FREE R 2 O 3 

IN CLAY 

FREE FesOs 
IN CLAY 

FREE AlsOa 
IN CLAY 


mgtn./gm. 

mgm./gm. 

mgm./gm. 

fngm^/gm. 

Susquehanna coarse clay 

6.42 

74.3 

59.2 

15.1 

Susquehanna (montmorillonitic) fine clay 

13.80 

140.8 

87.0 

53.8 

Orangeburg coarse clay 

6.25 

63.6 

43.6 

20.0 

Orangeburg (kaolinitic) fine clay 

15.0 

157.5 

110.0 

47.5 


fine clay containing 140.8 mgm. of free R 2 O 3 adsorbed 13.80 mgm. PO4 per gm. 
The coarse clays, containing about one half as much free iron and aluminum 
oxides, fix about one half as much PO4 as the fine clays. 


DISCUSSION 

Although it is known that the clay fraction of the soil is responsible for phos- 
phorus fixation, it is not definitely known which constituent of clay has the great- 
est ability to fix phosphate. Murphy (7) and Stout (9) contend that the type 
of clay mineral largely determines the amount of phosphate fixed by the soil. 
Ford (3) and Heck (4) believe that hydrated iron and aluminum oxides in the 
soil are primaril}^ responsible for phosphate fixation. From their investigations, 
Metzger (6) and Chandler (1) concluded that phosphorus fixation in the soil is 
largely due to the free iron and aluminum. Murphy (7) found that since only 
small amounts of soluble iron and aluminum occur in soils, it is impossible for 
iron and aluminum to fix large amounts of phosphate. Some investigations have 
shown, however, that iron and aluminum need not be in solution in order to re- 
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act with phosphate. Recently Kelly and Midgley (5) have found that both the 
clay mineral and the free iron and aluminum oxides fix phosphate by anion ex- 
change. 

The results of the present investigation show that in both coarse and fine clay 
fractions the free iron and aluminum oxides are largely responsible for phosphorus 
fixation. In the fine clay fraction most of the phosphate is fixed by these oxides, 
and in the coarse clay fraction all of the phosphate is fixed by them. 

Although previous investigations have shown that the maximum amount of 
PO 4 is fixed under acid conditions, the exact reason for this has not been definitely 
established. Chandler (1) believed that more PO4 was fixed under acid condi- 
tions because of its greater precipitation by iron and aluminum. Stout (9) also 
found that clays fix more phosphate at a low pH, but he believed that this was due 
to the greater adsorbing power of certain clay minerals under acid conditions. 
The results of the present investigation show convincingly that the greater fixa- 
tion of PO4 at a low pH is due to the greater activity of the free iron and alumi- 
num oxides rather than to the greater adsorption by the clay minerals, for in both 
coarse and fine clays the amount of PO4 fixed is influenced by reaction only as 
long as the free iron and aluminum oxides are present. After these free oxides 
are removed, the amount of PO4 fixed by the clay minerals is influenced neither 
by the reaction of PO4 solution nor by the type of exchangeable cation. The 
coarse clay fraction, containing about one half as much free iron and aluminum 
oxides as the fine clay fraction, fixes about one half as much phosphate, and the 
close correlation between the amount of PO4 fixed and the amount of these free 
oxides present suggests that phosphate fixation by the clay is largely determined 
by the amount and activity of the free iron and aluminum oxides in clay. 

Most phosphate fixation studies have been made with the clay fraction of 
pure clay minerals. It is believed that phosphate fixation, as it occurs in the 
soil, has been more nearly duplicated by the use of clays with a known mineral 
composition in the present study than in previous studies where pure clay min- 
erals were used. 


SUMMAKY 

The coarse and fine clay fractions of Susquehanna clay loam and of Orange- 
burg sandy loam were used to study phosphorus fixation by montmorillonitic 
and kaolinitic clays. Phosphorus fixation studies were made with hydrogen- and 
ammonium-saturated clays at different reactions both before and after the free 
iron and aluminum oxides were removed. 

All of the phosphorus held by the coarse clay and most of the phosphorus held 
by the fine clay are fixed by the free iron and aluminum oxides. Kaolinite and 
montmorillonite in the fine clay fix appreciable amounts of PO4, but the kaolinite, 
montmorillonite, quarts, and mica in the coarse clay minerals are unable to fix 
phosphate. 

Phosphorus fixation by both coarse and fine clays is influenced by reaction and 
exchangeable cations only as long as the free iron and aluminum oxides are pres- 
ent, w’hich shows that the activity of these free oxides determines the amount of 
PO4 fixed by the clay. 
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The coarse clays, containing about one half as much free iron and aluminum 
oxides as fine clays, fix about one half as much PO4. 

The amount of PO4 fixed by clay is influenced not so much by the type of clay 
mineral as by the amount and activity of the free iron and aluminum oxides con- 
tained. 
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SOIL COLLOIDS: IV. DISTRIBUTION AND AVAILABILITY 
OF PHOSPHORUS' 
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Received for publication April 8, 1944 

Previous papers® presented some results obtained by applying Tyiilm’s 
method^ for the fractionation of soil colloids to the study of a number of Canadian 
soils. Briefly, the method consisted of the separation of the soil colloids into 
group 1 and group 2, the latter being obtained as two subgroups. Group 1 was 
made up of colloids -which, when saturated with sodium ions, \vere dispersed in 
distilled neater. Group 2a consisted of the colloids v/liich, after removal of 
group 1, were dispersed in 0.004 N NaOH solution. After group 2a v/as renioved, 
the soil was treated several times with 0.01 N PICl, and group 2b was then dis- 
persed in -weak alkali. The groups so separated w^ere further treated so as to 
give humate fractions representing both loosely bound organic matter and or- 
ganic matter more firnoJ}^ attached to the colloids. 

The results previously presented indicated that the amounts of group 1 col- 
loids showed considerable variation, from 1.1 to 19.3 per cent for seven soils of 
medium texture. There was less variation in the amounts of groups 2a and 2b. 
There was also an apparent relationship between the amount of group 1 colloids 
and the productivity of the soil as measured by jdelds of barley (two seasons) 
and of clover (one season) obtained in greenhouse studies over a period of 3 years. 
This pointed to the importance of the group 1 colloids in soil fertility. 

DISTRIBUTION OF PHOSPHORUS AMONG COLLOID GROUPS 

One of the objects in carrying out this investigation was to study the relation- 
ship between the distribution of phosphorus among the different groups and its 
availability to plants, and to see whether the fixation of phosphorus applied to 
the soil in the form of a fertilizer was associated with its distribution in the col- 
loidal fractions. The amount of phosphorus was therefore determined in each 
group, in the residue after the removal of the groups, and in the HCl solution used 
to treat the soil between the separation of group 2a and that of group 2b. The 
results so obtained, expressed as percentages of the total soil phosphorus, are 
given in table 1. 

^ Scientific contribution No. 110 from the Division of Chemistry, Science Service, Do- 
minion of Canada Department of Agriculture, 

2 Associate chemist and agricultural assistants, Division of Chemistry, Science Service, 
Central Experimental Farm, Ottawa, Canada. 

^ Atkinson, H, J., and Turner, R, G. 1944 Soil colloids: II. Separation by peptiza- 
tion. 2 /Scs. 57: 233-240. 

Atkinson, H. J., Turner, R, C., and Leahey, A. 1944 Soil colloids: III. Relationship 
to soil fertility. Boil 8ci. 

^ Tyulin, A. Th. 1938 The composition and structure of soil organo-mineral gels and 
soil fertility. 45: 343-357. 
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The distribution of phosphorus showed considerable variation with the different 
soils. The amounts found in group 1 varied from 8.6 per cent of the total for the 
Sawyerville soil to 47.7 per cent of the total in the case of Lacombe 512. In o-en- 
eral, the percentage of the soil phosphorus found in group 1 was of the same order 
as the total quantity of group 1 colloids in the soil, e.\’cept in Lacombe C, which 
gave the second highest quantity of this group but ranked fourth in the per- 
centage of the phosphorus found in the group. There was a distinct difference 
between the two Lacombe samples. The Lacombe 512 sample had a greater 
fraction of its phosphorus in group 1 than in group 2a, whereas the Lacombe C 
sample had the greater amount in group 2a. In the Sawyerville sample, the larg- 
est fraction was in group 2a, and in that from Ottawa, the largest fraction was 
found in group 2b. The amount of phosphorus that came out in the HCl treat- 
ment of the soil following the removal of group 2a was in most cases very Rry^aii 
Oess than 0.5 per cent) except in the case of the Ottawa sample, where it 
amounted to 2.5 per cent. ’ 


TABLE 1 

Distribution of phosphorus in the different groups of colloids *in selected Canadian soils 
As percentages of the total phosphorus of the soil 


SOIL 

GROUP 1 

GROUP 2a 

HCl 

TREATMENT 

GROTO 2b 

residue 

PERCENTAGE 

ACCOUNTED 

EOR 

Ottawa a 

15.1 

13.8 

34.1 

41.5 

33.7 

48.6 

27.8 

27.9 

2.5 

40.6 

21.8 


Nappan 

29.1 

93.8 

Lacombe C 

32.1 

0.4 

0.3 

9.9 

15.9 

12.6 

13.9 


Lacombe 612 

Sawyerville 

47.7 

8.6 

96.5 

111.5 

Breton 

32.4 

0.2 
n 9 

23.2 

13.4 

23.0 


Scott 

46.4 

106.6 


U.2J 

12.5 

100.4 


AVAILABILITY OF PHOSPHOEUS IN GROUP 1 

“.f preceding paper of this series, an apparent relationship 

the ^ °o^°ids and the yields obtained from 

the soils m greenho^e studies. It might therefore be expected that the phos 

dheTtL " °^P be more readily available than that of 

the other groups, and, if such were the case, some relationship might be shotm 
be^een the phosphorus found in group 1 colloids and that taken up by the pk^ 

phosphorus in the plants (Lulve of 
It was possible to make the desired comparison 

total tdl and the phosphIfZt 

It can be teadSj «ca that there me no relationship between total soil phos- 
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phorus and that fraction that came out in group 1, or between total soil phos- 
phorus and that taken up by the plants. On the other hand, there does appear 
to be some relationship between the amount of phosphorus found in the barley 
and clover and the percentage of the soil phosphorus that was found in group 1. 
With the barley in 1940-41, the phosphorus content of the Lacombe C sample was 
slightly out of line, and, for the same soil, it was very much out of line in 1941-42. 
When clover was grown in 1942-43, however, the amounts of phosphorus found 
in the crop showed a direct relationship with the amounts of phosphorus in the 
first group of colloids. 

COMPAEISON OP TREATED AND UNTREATED SOILS 

From three of the seven locations from which the foregoing samples were taken, 
corresponding samples were available from areas which had been treated with 
phosphatic fertilizer for a sufficiently long time to increase appreciably the total 
phosphorus of the soil. The different groups of colloids were separated from 

TABLE 2 


Relatio7iship between the phosphorus in groiip 1 colloids and that taken up by plants in the 

greenhouse 


SOIL 

TOTAL SOIL 
PHOSPHORUS 

(as per cent 
PsOs) 

PHOSPHORUS IN 
GROUP 1 
(AS PER CENT 
OP TOTAL) 

PHOSPHORUS TAKEN UP BY PLANTS (MGM:. PsOs PER 

pot) 

Barley 

1940-41 

Barley 

1941-42 

Clover 

1942-43 

Lacombe 512 

0.210 

47.7 

48.5 

81.5 

86.1 

Scott 

0.137 

46.3 

43.9 

32.7 

64.1 

Breton 

0.124 

32.4 

29.1 

23.1 

57.7 

Lacombe C 

0.215 

32.1 

36.4 

55.2 

53.3 

Nappan 

0.055 

29.1 

20.4 : 

15.8 

23.6 

Ottawa 

0.160 

15.1 

11.7 

15.6 

16.0 

Sawyerville. 

0.119 

8.6 

5.7 

4.8 



these samples, and phosphorus was determined in each group, so that a compari- 
son could be made with the results from the untreated samples. Since the treated 
soils wrere not used in the greenhouse work, the availability of the soil phosphorus 
to plants was determined by the Neubauer method for both treated and un- 
treated samples. The results obtained for the distribution of the phosphorus 
among the groups (expressed as milligrams of P 2 O 5 from 50 gm. of soil), and for 
the available phosphorus (as parts per million P2O5) are presented in table 3. 

The figures for the three xmtreated soils reveal that the Neubauer results 
showed a variation similar to that for the phosphorus in group 1. Thus the 
Ottaw’^a untreated soil mth 12.1 mgm. P 2 O 5 in group 1 (equivalent to about 15 per 
cent of the total phosphorus), contained the least available phosphorus (7.6 p.p.m. 
P2O5). The Lacombe untreated sample, with 50.3 mgm. P 2 O 6 in group 1 (ap- 
proximately 48 per cent of the total) had the largest amount of available phospho- 
rus (74.4 p.p.m. PgOfi) . The Breton untreated sample gave intermediate values, 
20.0 mgm . P2O5 in group 1 (about 32 per cent of the total), and a Neubauer value 
of 21.3 p.p.m, P 2 OB. 
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A comparison of the results for treated and untreated samples shows that, in 
all cases, more phosphorus came out in group 1 of the treated samples, less phos- 
phorus appeared in group 2a of the treated samples (though the difference in the 
case of the Breton samples was negligible), and slightly more phosphorus was 
found in group 2b of the treated soils in two cases (Lacombe and Breton) . With 
the Ottawa sample only, considerably more phosphorus appeared in the HCl 
treatment and in the residue of the treated soil. The Neubauer results on the 
treated samples were greater than on the untreated samples in the case of the 
Lacombe and Breton soils (by 43.5 and 36.2 p.p.m. P 2 O 6 respectively), but there 
was only a very shght difference (2.2 p.p.m. P 2 O 6 ) in these values between the 
two Ottawa samples. 

Since the total amounts of the phosphorus in the groups and in the residue do 
not in every case exactly equal the phosphorus content of the original soil, differ- 
ences of a few milligrams may not be important in making comparisons. It ap- 
pears, however, that the increase in total soil phosphorus due to applied phos- 

TABLE 3 


Distribution of phospho7'us in the differ' ent groups of colloids of treated and untreated soils 
As milligrams of P2O5 from 50 gm. of soil 


SOIL 

CROUP 

1 

GROUP 

2 a 

i 

HCl 

TREAT- 

MENT 

GROUP 

2 b 

RESIDUE 

TOTAL IN 
GROUPS 

TOTAL IN 
SOIL 

PERCENT- 
AGE AC- 
COUNTED 
EOR 

AVAIL- 

ABLE 

PsOs 

(neu- 

eauer) 

Lacombe 512, untreated. . 

50.3 

35.5 

0.3 

16.8 

14.6 

117.5 

105.3 

111.6 

p . p . m , 

74.4 

Lacombe 512, treated — 

59.7 

28.4 

0.4 

19.2 

14.3 

122.0 

112.2 

108.7 

117.9 

Breton, untreated 

20.0 

17.2 

0.2 

14.4 

! 14.2 

1 66.0 

61.8 

106.8 

21.3 

Breton, treated. 

34.7 

16.7 

0.4 

18.8 

15.0 

85.6 

76.7 

111.6 

57.5 

Ottawa, untreated 

12.1 

11.1 

2.0 

32.6 

17.5 

75.3 

80.1 

94.0 

7.6 

Ottawa, treated. .... — 

16.2 

7.0 

11.9 

30.9 

43.0 

109.0 

108.7 

100.3 

9.8 


phatic fertilizers in the case of the Lacombe and Breton samples was accompanied 
by a similar increase in the phosphorus of group 1 colloids. This increase was 
reflected in a substantial increase in the available phosphorus as measured by 
the Neubauer method. On the other hand, the increase in total soil phosphorus 
in the Ottawa treated sample was paralleled by an increase in the phosphorus 
content of the residue left after the removal of the groups, and the increase in the 
phosphorus of group 1 was only slight. This distribution of the phosphorus was 
reflected in its availability (as shown by the Neubauer determination), which was 
only very slightly increased in the treated sample. 

One other difference between the Ottawa samples and those from Lacombe and 
Breton was found in the reactions. The pH values as determined on the original 
samples were as follows: 


Ottawa...... 

Lacombe 512 
Breton... . , . 


untreated, pH 7.3; treated, pH 7.6. 
untreated, pH 6.5; treated, pH 6.5. 
untreated, pH 6.6; treated, pH 6.6. 
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The Ottawa samples are slightly alkaline in reaction, the others, slightly acid. 
It is possible that this difference may have caused the applied phosphorus to be 
held in a different manner in the Ottawa soil from that in the other two. Never- 
theless, it is important that such a difference was shown in the distribution of the 
phosphorus among the groups and in its availability as measured by the Neiibaiier 
method. 


DISCUSSION 

The investigation of problems connected with the study of soil colloids by 
means of Tyulin’s method of fractionation has produced in this laboratory some 
rather interesting results, not the least interesting of which have been those on the 
distribution of soil phosphorus and its availability to plants, as presented in this 
paper. The availability of soil phosphorus is usually measured by various meth- 
ods of chemical extraction, supplemented by other methods such as that of Neu- 
bauer. Just what fraction of the soil phosphorus is thus measured is rather ob- 
scure. The results presented herev/ith have indicated that the phosphorus of 
the group 1 colloids is important from the point of view of its availability to 
plants. Both greenhouse results and Neubauer tests have given evidence point- 
ing in this direction. It is true that only a few soils of medium texture have as 
yet been examined, and no attempt is being made at present to draw too general 
conclusions . N evertheless, it is believed that a new approach has been made to a 
rather difficult problem. If it can be shown that the phosphorus of group 1 
colloids is most readily obtained by plants, whereas that found, for example, in 
group 2b or in the residue, cannot be easily utilized, then an important step will 
have been made. These few results are therefore presented at this time in the 
hope that they will contribute toward the advancement of our knowledge of the 
problems of phosphorus fixation and utilization. 

SUMMARY 

A study of the distribution of phosphorus among the groups of soil colloids 
separated by Tyulin^s method of fractionation has shown that this varied con- 
siderably among a number of Canadian soils. The amount of phosphorus in the 
colloids of group 1 was found to vary from 8.6 to 47.7 per cent of the total phos- 
phorus of the soil for the seven samples examined. The largest fraction was not 
always found in the same group with the different soils but was sometimes in 
group 1, sometimes in group 2a, and, in one case, in group 2b. There appeared 
to be no relationship between the total soil phosphorus and the phosphorus up- 
take by plants, or between total soil phosphorus and that part of the total found 
in group 1. There was, however, an apparent relationship between the phos- 
phorus taken up by the plants in the greenhouse (results of 3 years’ work) and 
the percentage of the total soil phosphorus found in group 1 colloids. 

Samples of untreated soils from three locations were compared with corre- 
sponding samples from adjacent areas where the total phosphorus had been ap- 
preciably increased by applications of phosphatic fertilizers over a period of 
years. For the three untreated soils, a relationship was indicated between the 
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phosphorus of group 1 colloids and the available phosphorus as determined by 
the Neubauer method. With the treated samples, it was shown that the added 
phosphorus appeared in group 1 colloids in two cases but was found in the res- 
idue after separation of the groups in the third. Where the added phosphorus 
appeared in group 1, the available phosphorus as determined by the Neubauer 
method was considerably greater. On the other hand, where the added phos- 
phorus was found to be in the residue, there was no appreciable increase in the 
Neubauer value. All the results have thus indicated the importance of the phos- 
phorus of the group 1 colloids from the point of view of the availability of soil 
phosphorus to plants. 
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Ada^s Lands and Peoples, By George B. Cressey. McGraw-Hill Book 
Company, Inc., New York, 1944. Pp. 608. Price, $4.50. 

This is the first edition of a “geography of one-third of the earth and two-thirds 
of its people.’’ The subject is of such immensity that the author is compelled 
to deal with only the more general phases of it, but he has done an exceptionally 
good piece of work nevertheless. Thus the human heritage, history, political 
patterns, population problems, communications, geological foundations, river 
patterns, surface configuration, climate, natural vegetation, soils, mineral re- 
sources, geographic forecast, agricultural landscape, land use, and agricultmal 
regions are discussed for China as a whole, and special attention is paid to other 
supplementary phases of the geography of the several regions of that great 
nation. Similarly, Japan, the Soviet Union, Turkey, Syria, Arabia, India, 
Burma, Indo China, the Netherlands Indies, and the Philippines, together mth 
the smaller lands lying in between, are all considered. The book is especially 
well illustrated and is an attractive volume for study, for pick-up reading, and 
for reference. 

The Che7mstry of Synthetic Substances, By Emil Dreher. Philosophical 
Library, New York, 1943. Pp. 102. Price, $3. 

This small volume is an introduction to the macromolecular organic compounds 
wliich are assuming ever-increasing importance in the field of industrial syn- 
thesis. The several chapters deal with principles of polymerization processes, 
chemistiy of the compounds, types of products, influence of constitution and 
substituents on capacity for polymerization, principles of polycondensation 
processes, and solubility of high-molecular film-forming substances. The book 
is designed to aid in the simplification of the manufacture of lacs and paints. 

Food. By Frank A. Pearson and Don Paarlberg. Alfred A. Knopf, New 
York City, 1944. Pp. 239, figs. 4. Price, $2.75. 

The authors have undertaken to speak for “rugged individualists,” “economic 
royalists,” the “one-to-fourteen-caret liberals,” and the “heretics and un- 
believers” in the “new doctrine of planned economy.” The book contains a 
good bit of vinegar, and some spinach, which the senior author, a Scotchman, 
eats, and the junior author doesn’t. Among the conclusions reached are these: 
“If food is to write the peace, it will have to write for many people. The only 
way our food supply can be wTitten for many people is in teims of wheat, beans, 
and potatoes, rather than milk, eggs, and meat.” The book can be read by the 
rapid reader in an hour, but it bears studying for several evenings. All the 
authorities on food, which the authors say include the farmer, the middleman, 
the housewife, and the consumer, will find this book highly interesting and in- 
structive. 


85 



86 


BOOKS 


Hmidhooh of Chemistry. Fifth edition. Compiled and edited by Norbert 
Adolph Lange. Handbook Publishers, Inc., Sandusky, Ohio, 1944. Pp. 
1777. Price, $6. 

This is the most comprehensive chemical handbook that has yet been com- 
piled. It begins with, first-aid measures for accidents and with antidotes for 
poisons and ends with the three-hundred-year calendar. It contains a two-part 
mathematical appendix, the first of which has to do with formulas and theorems 
from elementary mathematics, and the second with logarithmic and other tables 
and with symbols and abbreviations, including the Greek alphabet. One of 
the most satisfying features of the book is its very complete index of 28 pages, 
with about 100 items on each page. The new tables in this edition include 
Deming’s periodic chart of the elements, flammable liquids, flame temperatures, 
plastics, fluorescence of chemicals, minerals and gems, and water for industrial 
use. Some 13 other tables have been considerably extended or entirely rewritten. 
Every laboratory will want to have a copy of this volume at hand for ready 
reference. 

Inorganic Plant Nutrition. By D. R. PIoagland. Chronica Botanica Com- 
pany, Waltham, Massachusetts, 1944. Pp. 226, figs. 44, plates, 28. Price, 
$4. 

This book comprises the Prather lectures given by the author at Harvard 
University. The topics of these lectures are: a survey of problems of plant 
nutrition, micronutrient chemical elements and plant growth, absorption and 
accumulation of salts by plant cells, upward movement and distribution of 
inorganic solutes in the plant, growth of plants in artificial media in relation 
to the study of plant nutrition, biological problems associated with salt absorp- 
tion, and aspects of the potassium nutrition of plants as illustrating problems 
of the system soil-plant-atmosphere. This is a thought-stimulating presentation 
which every scientific worker in the field of soil-plant relationships will want to 
read and study. 

Natural Principles of Land Use. By Edward H. Graham. Oxford Universtiy 
Press, New York, 1944. Pp. 274, plates, 32. Price, $3.50. 

This book is written from the point of view of the biologist who feels that 
‘‘biological concepts can contribute importantly to the wise use and management 
of land.’^ Thus the author begins with a discussion of ecology, the natural 
distribution of plants and animals, the communities of living things, plant suc- 
cession, and plant indicators, and then proceeds to a consideration of the land 
itself, the farms, forests, range, wildlife, and waters, with an additional chapter 
on control of predatory forms of life and another on land in relation to human 
welfare. The author’s point is that any device for land use that fails to take the 
natural biological agencies into consideration is doomed to failure, but that one 
that takes advantage of these agencies holds great promise of success. 

Palestine, Land of Promise. By Walter Clay Lgwdermilk. Harper and 
Brothers, New York City, 1944. Pp. 236, illus. 16. Price, $2.50. 

The book is written from the point of view of the soil conservationist who saw 
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“thousands of goat paths, like festoons of dismal slopes, revealing long abuse 
and extensive overgrazmg.’’ But “along mth the records of decay in the Holy 
Land” he “found a thorough-going effort to restore the ancient fertility of the 
long-neglected soil” — ^the most remarkable he had ever seen. The number of 
Jews in Palestine rose from 50,000 in 1918 to over 550,000 in 1943, and now con- 
stitutes over one tliird of the total, of which 900,000 are Moslem Arabs and 
125,000 Christians. Assigned the task by Henry A. Wallace, then Secretary 
of the Department of Agriculture, Dr. Lowdermilk made a thorough analysis of 
the agricultural situation in Palestine, of which this book constitutes a report. 
He concludes: “If the forces of reclamation and progress Jewish settlers have 
introduced are permitted to continue, Palestine may well be the haven that will 
transform the other lands of the Near East. Once the great undeveloped re- 
sources of these countries are properly exploited, twenty to thirty million people 
may live decent and prosperous lives w’^here a few" million now struggle for a 
bare existence.” E^rery technical agriculturist in America should read this 
book and ponder over w"hat it reveals. 

Semimicro Qiimiiitaiive Organic Analysis. By E. P. Clakk. Academic Press, 

Inc., New" York City, 1943. Pp. 135, figs. 31. Price, $2.50. 

This book is an outgrow"th of research in the chemistry of natural products. 
The approach is half w"ay between the ordinary quantitative procedures and the 
microtechniques. The methods include those for carbon, nitrogen, halogens, 
sulfur, phosphorus, the methoxyl, ethoxyl, and acetyl groups, neutralization 
equivalents, molecular w"eights, and volatile fatty acids. Tables on gravimetric 
factors, barometric corrections for temperature, atomic and molecular weights 
and formulas, and logarithms are appended. This is a very useful reference book 
for workers in this field of chemistry. 

The Editoes. 
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To Dr, Charles Thom, recently retired from his position as Microbiologist in the 
Bureau of Plant Industry, Soils, and Agricultural Engineering, U. S, Department 
of Agriculture, who has contributed in a large measure to the development of our knowl- 
edge of the fungi of the soil by encouraging many younger workers, including the 
writer of these lines, by helping them with the identification of the fungi that they 
have isolated from the soil, and by devoting his whole life to the advancement of the 
knowledge of fungi, notably those that inhabit soils, composts, and food products, this 
paper is gratefully dedicated. 


INTRODUCTION 

It is just 30 years since the writer of these lines first dug four trenches in as 
many soil types on the College Farm grounds of the New Jersey Agricultural 
Experiment Station, in order to obtain, under aseptic conditions, samples of soil 
from a number of different depths. These soils were used for the study of the 
microbiological population; namely, the bacteria, actinomycetes, and fungi, 
as determined by the agar plate method using media then commonly employed 
in soil bacteriological laboratories. Comparatively little was known at that 
time concerning the nature of soil-inhabiting fungi, their numbers and distribu- 
tion, and their role in soil processes. The question was even raised (1*) whether 
fungi are capable of growing and produce a mycelium in a normal soil: w^hether 
the fungus colonies obtained by the use of the plate method were not due, after 
all, to spores settling from the dust upon the soil rather than to vegetative growth 
present naturally in the soil. It was suggested that the mere presence of such 
organisnos was no proof at all that they are active in the soil under normal condi- 
tions. In order to answer this and many other questions pertaining to the fun- 
gus flora of the soil and its importance in soil processes and in plant growth, new 
methods had to be developed and more information gained. 

1 Journal Series Paper, New Jersey Agricultural Experiment Station, Rutgers University, 
department of soil microbiology. 

The results presented in this paper summarize the investigations carried out in the de- 
partment of soil microbiology of the New Jersey Agricultural Experiment Station, Rutgers 
University, during the last 30 years, on the subject of fungi and their relation to soil proces- 
ses. The actinomycetes, being considered as forms more closely related to the bacteria, 
are omitted from this review. Unasterisked numbers in parentheses refer to the Bibliog- 
raphy, which comprises reports from this department. References to the work of other 
investigators on soil fungi have been kept to a minimum. Only a very few of those that 
have a direct bearing on the subject under consideration are cited, in order to complete the 
picture presented here. In several of these publications, other references are reviewed 
in great detail. Asterisked numbers in parentheses refer to the appended References, 
publications from outside this department. 
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BACKGROUND 

The knowledge of fungi dates back to the fundamental studies by a group of 
brilliant botanists including DeBary, Brefeld, and Ferdinand Cohn and followed 
by a number of mycologists and plant pathologists. The physiology of the 
fungi and their biochemical activities were investigated in detail, first by Raulin, 
then by Wehmer, and later by many chemists, physiologists, and microbiologists. 
Gradually a clear understanding of the composition of the fungi, their nutrient 
requirements, and their biochemical activities was obtained, and the groundwork 
was laid for an elucidation of their role in soil processes. Although the student 
of plant diseases came in contact with the soil-inhabiting fungi at an early date, 
he was more interested in these fungi as causative agents of disease than as par- 
ticipants in the many important soil processes. 

It had been known from the work of Adametz, in 1886, that the fungi are repre- 
sented in the soil by many species and genera, but only casual consideration 
was given them during the early days of microbiology. Muller had noted, in 
1883, that humus-rich soils contain an abundance of fungal hyphae, and that 
fungus types in forest soils differ from those in peat. On the basis of these and 
other investigations, Ramann, in 1900, laid emphasis on the fact that acid forest 
soils contain an abundant fungus flora. Oudemans and Koning, in 1902, en- 
larged upon this concept and demonstrated by actual isolations that highly 
organic soils are rich both in numbers and in types of fungi. 

Four extensive surveys of soil fungi were made hj Hagem in Norway, Dale in 
Great Britain, Jensen in this country, and Lendner in Switzerland, between 1907 
and 1914, the first and last being limited largely to the Mucorales. Goddard 
(10*) studied in 1913 the distribution of fungi in certain American soils. Al- 
though few species were isolated, he concluded that fungi occur uniformly in the 
soil to a depth of 14 inches and that no one form shows any specific relationship 
to depth of soil. These considerations led him to the further conclusion that the 
soil contains a constant and characteristic fungus flora. 

Information on the activities of the fungi was also accumulated in 1914. 
Many fungi were known to be capable of decomposing cellulose, as shown by Van 
Iterson in 1904, by Appel in 1907, and later by Traaen, Daszewska, and McBeth 
and by Scales. Some of these studies pointed to the importance of fungi as 
humus builders in the soil, Mxintz and Coudon and Marchal established, in 
1893, that fungi are capable of breaking down proteins, liberating ammonia, a 
phenomenon later confirmed by various investigators, and elaborated by McLean 
and Wilson (1), at this Institution. The problem of nitrogen-fixation by fungi 
also aroused considerable interest, as shown by the work of Heinze, Kossowicz, 
and others; however, Goddard demonstrated beyond any reasonable doubt that 
fungi are unable to fix atmospheric nitrogen. 

This information, however, was rather fragmentary. The concept of soil 
fungi, as a whole, appeared to be in a rather confused state, patchy and unco- 
ordinated; the gaps were sufficiently numerous to obscure the whole picture. 
Proper methods were lacking for the enumeration of fungi in the soil, for demon- 
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strating their presence in the form of vegetative mycelium, and for determining 
their role in various soil processes. 

When the first soil samples obtained from the trenches on the College Farm 
were brought to the laboratory and treated by the common plating procedure, 
some surprising results were obtained (2). The samples taken just below the 
surface soil layer gave large numbers of fungi that tended to disappear rapidly 
with an increase in depth. This reduction was greater than for the bacteria and 
aetinomycetes, as brought out in table 1. The microbiological population of the 

TABLE 1 

Numbers of bacteria, fungi, and actinornyces in soil* 


Thousands per gram 


SOIL 

DEPTH 

BACTESIA 

PHNGI 

ACTINOMYCES 


inches 




Garden 

1 

4,700 

400 

700 


4 

4,500 

; 700 

800 


8 

1 3,500 

600 

1,200 


12 

i 720 

50 

440 


20 

210 

30 

290 


30 

160 

40 

510 

Orchard 

1 

4,600 

400 

600 


4 

4,500 

500 

1,300 


8 

1,560 

90 

480 


12 

670 

30 

470 


20 

130 

20 

540 


30 

90 


460 

Timothy 

1 

15,400 

1,110 

1,300 


4 

7,000 

700 

1,100 


8 

1,710 

130 

430 


12 

1,040 

40 

270 


20 

690 

, 50 

340 


30 

160 

20 

200 


* This table formed part of a paper presented at the 17th Annual Meeting of the Society 
of American Bacteriologists, held at Urbana, 111., on Dec. 28-30, 1915; only an abstract of 
the paper was published (2). 


soil, especially that of the fungi, was found to be limited chiefly to the upper 8 to 
12 inches of soil. The dilutions of soil used for the preparation of the plate were 
rather high 1:10,000 to 1:1,000,000 — in order to provide enough colonies of 
bacteria and aetinomycetes to make the count statistical!}" accurate. Since the 
numbers of fungi were much smaller than those of the other groups, the fungus 
count was not only unrepresentative but far from accurate. When low dilu- 
tions of soil were used (1:100), there were so many colonies of bacteria and 
aetinomycetes on the plates, that the growth of the fungi was virtually eliminated. 
Thus, the preliminary study of the abundance of the fungus population in the 
soil revealed the need for better methods of studying these organisms. 
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The subsequent investigations dealt mth the distribution of fungi in different 
soils and with the influence of ecological factors ; namely, climatic, soil or edaphic, 
and biotic or living, upon their nature and abundance (6). An attempt was 
also made to gain an insight into the biochemical activities of the fungi. Gradu- 
ally, a better understanding of these organisms, their relation to other soil mi- 
croorganisms, and their role in soil processes was gained. 

PROBLEMS CONSIDERED 

As this information began to accumulate, a number of problems arose. They 
are listed here not necessarily in the sequence in which they were considered or 
investigated, but in the order in which one would have liked to study them, 
after benefiting from three decades of experience with these organisms. 

To establish whether fungi live in the soil and produce there a vegetative mycelium. 

To develop a method for the enumeration of soil fungi, or at least those forms that are 
capable of producing growth on artificial culture media. 

To gain detailed information concerning the nature of the fungus population of the soil, 
and to establish whether it is characteristic of the soil as a w^hole or whether each soil 
possesses its own distinct population, depending on the nature of the soil, the climate, and 
surface vegetation. 

To coordinate the biochemical activities of the fungi with their role in the processes of 
decomposition of plant and animal residues, transformations and syntheses that have a 
bearing upon soil reactions, notably the liberation of the essential nutrient elements in 
available forms, and in the formation of soil humus. 

To determine the relationship of the fungus flora to the other members of the soil micro- 
biological population. 

To study the relationships of soil fungi to the growth of higher plants. 

The results obtained from the study of these and many other problems bearing 
upon the activities of the soil fungi were reported in various scientific journals 
and special publications. They are summarized here in order to present a con- 
cise and logical picture of the accumulated knowledge of the fungus population 
of the soil and its role in soil processes and in plant growi^h. For a full inter- 
pretation of the results, the reader is referred to the original publications, where 
ample credit is given to other workers in the field. 

Do fungi produce vegetative mycelium in the soilf 

When insufficient precautions are taken in obtaining soil samples under aseptic 
conditions and in preparing the plates, many of the fungi appearing on the plate 
may be of dust origin. In addition, the common plate method for the enumera- 
tion of the soil fungi appeared to be subject to many limitations, especially the 
great variability in the numbers of fungus colonies, as compared with those of 
bacteria and actinomycetes. Because of this, the very nature of the fungus flora 
of the soil as a native population characteristic of this natural substrate was 
questioned. The fact, however, that the distribution of these fungi is not lim- 
ited to the surface layer of the soil but occurs throughout a considerable depth, 
and the fact that many species were found to have a very wide distribution, 
ha\dng been reported from many parts of the world, tended to emphasize that 
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these organisms are normal soil inhabitants rather than mere accidental invaders 
which may have been brought into the soil with the dust of the air or with the 
plant and animal wastes. 

An attempt was first made, therefore, to determine whether fungi are present 
in the soil in a vegetative or a mycelial state. Samples of soil were taken under 
aseptic conditions. Minute clumps were placed on the surface of suitable agar 
media in Petri dishes. The gro^vth of the mycelium from the soil particles into 
the agar was carefully examined. Certain fungi were found to grow out very 
rapidly from the soil and produce an extensive mycelium in the agar medium, 
within a period of incubation of 24 hours or less, at 28“-30'^ C. The tips of the 
hyphae of this mycelium were transferred upon sterile agar slants, and the or- 
ganisms cultured and identified. The assumption was thereby made that the 
fungus mycelium present in the soil grows out into the agar more rapidly than 
do the spores of such fungi. This was checked by inoculating agar plates with 
mycelium of certain fungi obtained in pure culture, and the rate of its grow^th 
compared with that of the spores of the same fungi. This method made possible 
the isolation from the soil of species of Mucov, Zygorhyiichus, Rhizopus^ and 
Trichoderma; these organisms were believed to be present in the soil in the form 
of viable vegetative mycelium, since they had been isolated from a variety of 
soils taken great distances apart, as well as from different depths of the same 
soil (3). 

In the course of years, four other methods of approach to this problem were 
developed: 

1. By treating a soil with volatile antiseptics or with heat, the fungi were more readily 
eliminated than the bacteria and actinomycetes; this was accompanied by a considerable 
reduction in the rate of decomposition of cellulose added to such soil. As a result of such 
treatment large quantities of fungus mycelium in the soil were killed and could be attacked 
by the soil bacteria, resulting in the liberation of large amounts of nitrogen as ammonia 
( 22 ). 

2. By acidifying the soil, either through the use of acid-reacting chemicals, such as am- 
monium sulfate, or by the introduction of sulfur, which on oxidation gives sulfuric acid, 
the growth of bacteria and actinomycetes was discouraged without damaging and, in some 
cases, even favoring the growth of the fungi (16, 17) . 

3. By the use of special acid agar (14), it was found that soils collected from all over the 
North American continent always yielded certain specific organisms. Many of these or- 
ganisms do not usually occur in any other natural substrate, thus further pointing to their 
being characteristic of the soil. 

4. The addition to the soil of fresh organic materials rich in cellulose brought about con- 
siderable stimulation of the development of soil fungi (24) . 

Fungi w’-ere also found capable of bringing about in sterile soil many processes 
of decomposition and synthesis that are characteristic of natural soils. These 
facts left no doubt, therefore, that fungi must be considered as typical soil organ- 
isms, taking an active part in many of the normal soil processes. 

By the use of a special staining technique, Conn (2*) later demonstrated that 
nearly all soils contain an abundance of fungus mycelium, in the form of fila- 
ments or fragments. McLennan (16*) found that when a soil was dried in a 
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desiccator over calcium chloride, a marked reduction in the number of fungi 
occurred. The reduction was ascribed to the destruction of the fungus my celium , 
and the conclusion was reached that the fungus population of the soil is largely 
in a vegetative state. 

The specific nature of the fungus population is modified by soil type, as well 
as by climatic and vegetation factors. Forest soils rich in bases (deciduous 
forests) were shown to contain an abundant population of Mucorales, largely of 
the M. flavus type; somewhat more acid soils (mixed forests) contain the M. 
ramannianus group; and the very acid (raw-humus forest) soils are character- 
ized by a fungus flora of the Zygorhynchus muelleri type (12*). 

Kubiena (15*) finally demonstrated, by direct microscopic examination, that a 
large number of fungi are capable of producing an extensive vegetative mycelium 
and even of sporulating in the soil. Certain species of fungi were found to be 
particularly abundant. He was thus able to confirm the early observations 
made in this laboratory (3) that the soil contains an autochtonous fungus flora. 
The qualitative and quantitative composition of this flora is modified by the 
nature of the soil, its cultivation, and the crop grown (76). 

These facts together with others that will be discussed later can lead to but one 
conclusion, namely, that many fungi are to be considered as typical soil organ- 
isms, that they lead a normal vegetative life in the soil, and that they play a 
highly important part in many of the soil processes. 

Enumeration of fungi in the soil 

It has already been pointed out that the determination of the abundance of 
fungi in the soil by the common agar or gelatin plate method used for the enum- 
eration of bacteria is open to considerable criticism. In order to permit the 
development of a maximum number of bacteria, very high dilutions of soil are 
commonly employed. Although the fungi grow readily on the agar media that 
are used for the development of the bacteria, much lower dilutions of soil must 
be used for the fungi in order to satisfy the same statistical requirements for the 
two types of colonies, namely, a sufficiently large number of colonies, 30 to 100, 
per plate to reduce the factor of great variability. 

This was accomplished (14) by the acidification of a suitable agar medium to 
pH 3.8 to 4.0. The acid reaction prevents the development of most of the 
bacteria and actinomycetes without affecting appreciably the gro\vth of the 
fungi. If the reaction is adjusted first, care must be taken to sterilize the me- 
dium at not more than 8 pounds’ pressure, for 30 to 45 minutes. The reaction 
can also be adjusted after sterilization, by the use of sterile acid. A satisfac- 
tory medium, which has since become known as “fungus agar,” was thus devel- 
oped. This medium consisted of 25 gm. agar, 10 gm. glucose, 5 gm. peptone, 
1 gm. KH2PO4, 0.5 gm. MgS 04 * 7 H 20 , 1,000 ml. distilled water, pH 4.0. In 
order to eliminate the use of peptone, which tends to favor the growth of 
spreaders, a modification of this medium was suggested (11*), consisting of 20 
gm. gluGOse, 2 gm. asparagine, 1 gm. KH2PO4, 0.5 gm. MgS04-7H20, 0.5 gm. 
NaCl, 0.1 gm. FeCls, 25 gm. agar, 1,000 ml. water, pH 3.8 to 4,0. 
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This method has been utilized extensively for the study of the abundance of 
fungi in variously treated soils. Not only have definite differences in numbers 
been found, as brought out in table 2, but enumerations of fungi made on the 
same soils during a number of years, even by different investigators visiting the 
laboratory, yielded highly consistent results. It is felt that greater dependence 
can be placed upon the enumeration of fungi in the soil by the use of the acid 
agar method than even upon the enumeration of bacteria, because, in compari- 
son with fungi, many more kinds and greater numbers of bacteria fail to develop 
on the common agar media. 

On the other hand, the plate method for the enumeration of fungi suffers from 
several important limitations: first, certain large groups of fungi like the Basid- 
iomycetes fail to develop on the plate or develop to only a limited extent, whereas 

TABLE 2 


Influence of soil treatment upon the abundance of fungi 


TREATMENT OF PLOT 

pH OF SOIL 

CARBON IN SOIL 

NUMBER OF FUNGI PER GRAM 

July 18 

September 22 

Minerals only (4A) 

5.6 

per cent 

1.26 

31,000 

45,600 

Stable manure + minerals 
(5A) 

5.4 

1.44 

54,000 

91,000 

No fertilizer or manure (7A) . 

4.5 

0.93 

56,000 

63,000 

Nitrate + minerals (9A) 

5.5 

1.13 

47,000 

45,900 

Ammonium sulfate -f miner- 
als (11 A) 

4,1 

1.21 

115,000 

1 

107,900 

Stable manure 4- nitrate + 
minerals (ISA) 

5.5 

1.36 

73,000 

87,600 

Minerals only (19A) 

5.2 

1.01 

61,000 

48,200 

Lime only (7B) 

6.4 

1.02 

28,000 

16,900 

Ammonium sulfate H- miner- 
als + lime (IIB) 

5.8 

1.06 

44,000 

34,200 

Minerals + lime (19B) 

6.7 

0.95 

32,000 

26,200 


the Phycomycetes give only a limited number of colonies on the plate as com- 
pared with the abundance of their vegetative growth; second, the method does 
not differentiate between the numbers of colonies produced from spores and 
those produced from pieces of vegetative mycelium. Nevertheless, despite 
these limitations, the plate method enables a more or less accurate detei’mination 
of the nature of the fungus population of the soil, even if only in its approximate 
state. 

The reaction of the soil and its organic matter content were found to be the two 
most important factors controlling the abundance of fungi. In the plots of 
table 2, the greater the acidity of the soil, the greater, in most cases, was the 
number of fungi; the most acid soil, having a pH of 4.1, contained 111,450 fungi 
per gram, and the least acid, pH 6.7, contained 29,100 fungi. The higher the 
organic matter content of the soil, the reaction being the same, the greater was 
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the number of fungi; the manured soils are characterized, therefore, by a more 
abundant fungus population than the soils receiving mineral fertilizers only. 

In addition to the foregoing factors, two others may be added; namely, mois- 
ture and temperature. Both influence the abundance and the nature of the fungi 
predominating in a certain soil. This was brought out in a study of the influence 
of moisture upon the production of ammonia by pure cultures of fungi (4) , where- 
in 50 to 65 per cent of the moisture-holding capacity of the soil was found to be 
optimum for the growth of these organisms, and above and below that optimum 
there was a gradual drop in the production of ammonia. The effect of tempera- 
ture can be illustrated by composting experiments (53). Some of these fungi 
are thermophilic, being capable of growing at 50°C.; however, most of them are 
mesophilic and are rapidly depressed by higher temperatures, especially above 
50°C. 

Studies of the decomposition of various plant materials by pure cultures of 
fungi, as compared with that of the total soil population, were begun by Neller 
in this laboratory in 1918 (9) and w^ere later extended (54). Either CO 2 evolu- 
tion or the rate of destruction of the individual chemical plant constituents was 
used as a measure of decomposition. These studies led to the conclusion that 
fungi must be considered as among the most active members of the soil popula- 
tion in the decomposition of plant residues*. 

One may thus conclude that the fungi are abundantly represented in the soil 
by an extensive vegetative mycelium, as w^ell as by a number of spores, pos- 
sessing potential development of these organisms. The actual abundance of 
these organisms is controlled by a number of factors, including soil reaction, 
aeration, moisture, and temperature, as well as by the available food supply, 
comprising the nature and abundance of the organic matter. 

Nature of the fungus population of the soil 

Many of the fungi isolated from the soil w^ere found to be typical soil inhab- 
itants and to occur but seldom in other substrates. Other fungi, however, are 
only temporary invaders, even if they are able to survive in the soil for a very 
long time. The chief problem, therefore, still remained, namely, to obtain a 
clear picture of the nature of the fungus flora of the soil, and to determine to 
w^hat extent it is influenced, both quantitatively and qualitatively, by the com- 
position of the soil as w’^ell as by the nutritional, environmental, and ecological 
soil factors. 

In an extensive survey on the fungus population of the soil (6, 7), 31 genera 
were isolated and identified, and some of these were represented in the soil by 
many species. On comparing the fungi previously isolated by Koning in Hol- 
land, by Dale in Great Britain, and by Jensen, Goddard, McLean, and Wilson 
in the United States wdth the representative groups of fungi isolated in these 
studies, the conclusion was reached that four genera, AspergilluSy Penicilliumy 
Mucor, and Trichoderma, are most abundant. These have been isolated from 
various soils in different parts of the world. Eight other genera (Acrostalagmus, 
Altemaria^ Cephalosporiumj Cladosporium, FusariuM, RhizopvSy Verticilliumy 
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Zygorhynchus) were somewhat less abundant but were also of ver^^ common 
occurrence. In all, more than 200 species of fungi, representing 42 or more 
genera, have now been isolated from the soil and described. 

A forest soil was found to contain but few Mucorales, but a large number of 
Trichodermae and Penicillia; an orchard soil gave many Mucorales, no Tricho- 
dermae, and but few Penicillia; a well-cultivated garden soil contained many 
fungi, without any one single group predominating. The Mucorales w^ere found 
to be more abundant in colder climates and the Aspergilli in warmer regions; the 
Trichodermae were extensively distributed in acid and in waterlogged soils. 
These results were later confirmed (11*), when forest, moor, and heath soils 
in Denmark were shown to contain a characteristic flora of Trichodermae, 
w^hereas the flora of field, marsh, and uncultivated mineral soils consisted largely 
of Mucoraceae. 

The more fertile soils contained a greater number as well as a greater vaiiety 
of fungi than the less fertile soils. A study of permanent mangold and wheat 
fields at Rothamsted also gave a direct correlation between soil fertility and the 
abundance of fungi and actinomycetes (24*). When fresh plant materials were 
added to the soil, the numbers of fungi w-ere greatly stimulated; very often a 
sequence of forms w^as reported, depending on the chemical composition of the 
plant materials added and the extent of their decomposition (23*). 

j\s a result of studies of the fungus flora of soils throughout the world, many 
new genera of fungi represented by numerous species w^ere added to the previous 
lists. Cholodny (3*) demonstrated, by the use of the contact slide method, that 
forest soils contain an abundance of fungi present both as vegetative mycelium 
and in the form of spores. Some of the fungi, notably species of Trichoderma, 
are so characteristic of the soil that their presence has often been taken to be an 
index of the fungus population as a whole and of its distribution (20*). The 
synthetic acid agar originally developed for the enumeration of fungi in the soil 
(15) has been recommended (9*) for the isolation of fungi from the soil; not only 
are the bacterial colonies thus eliminated, but the growth of the fungi is favored. 
Gilman and Abbott (9*) in 1927 and Niethammer (18*) in 1937 coordinated and 
summarized the existing information on the fungus population of the soil. Some 
61 or more genera w^ere listed. Some of these genera received particular atten- 
tion, either because of their wide distribution in nature or because of their great 
economic importance. These include the genera Penicillium (27*), Aspergillus, 
Mucor, Rhizoptis, the yeasts (25*), the mushroom fungi (8*), the m3rcorrhiza 
fungi (17*, 21*, 5*), and the plant-disease-producing fungi (7*, 22*). 

These and other investigations definitely established the fact that fungi form a 
very large and heterogeneous group of soil microorganisms permeating the whole 
surface layer of the soil with their mycelium, their numbers and types gradually 
decreasing in the lower soil layers. Some of the fungi are widely distributed 
in nature, and others are limited to certain habitats. The specific nature of 
these organisms is influenced by the abundance and nature of the soil organic 
matter, as well as by soil and climatic conditions, by surface vegetation, and by 
'soil' management." . ■ 
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Biochemical activities of fungi and their leaving upon soil processes 

Among the many chemical processes brought about by fungi, which have been 
considered to have an important bearing on soil processes, the following have 
received the greatest attention: (a) the fixation of atmospheric nitrogen, (5) 
the decomposition of proteins and protein-rich materials, accompanied by the 
liberation of ammonia, and (c) the decomposition of cellulose; in addition to 
these, fungi also play a highly important role in many other transformations; 
namely, (d) the decomposition of plant and animal residues in soils and in com- 
posts, (e) the decomposition of the soil organic matter or soil humus, accompa- 
nied by the liberation of CO 2 , (J) the contribution of the fungus mycelium to the 
synthesis of the soil humus. 

Although Goddard (10*) apparently established the fact that soil fungi are 
totally incapable of fixing atmospheric nitrogen, it was felt that these results 
could be profitably checked. An attempt to do this was made in the first study 
of the distribution and activities of soil fungi (6). Five species, representing as 
many distinct genera, were used for this purpose. The results obtained fully 
confirmed those of Goddard, and the conclusion was reached that soil fungi should 
not be considered as taking any part in the nitrogen-fixing complex of the soil. 
Even where positive increases in fixed nitrogen were obtained, the amounts were 
so small as to be considered to fall within the limits of analytical errors. Fungi 
were found to be capable, however, of producing large amounts of ammonia 
from protein-rich materials. Most of the organisms tested were capable of 
liberating more nitrogen as ammonia than even the strongest ammonifying 
bacteria, under similar conditions. Trichoderma koningi was, in this respect, 
the most active organism; the Penicillia differed with the species, most of them 
being comparatively weak ammonifiers; the Mucorales were fairly active, differ- 
ent species not differing greatly from one another. 

Available carbohydrates were found to have an important influence upon 
protein decomposition by microorganisms, including fungi (8). This influence 
affects both the rate of ammonia formation in the decomposition of complex 
plant and animal residues and the synthesis of fungus mycelium, which con- 
tributes to the formation of soil humus. These processes are also markedly 
influenced by the carbon-nitrogen ratio of the nitrogenous materials (26). A 
comparison of the capacity of a soil fungus and of a soil bacterium to decompose 
plant proteins, as influenced by the presence of glucose, is brought out in table 3. 
The fungus showed a much narrower ratio of protein decomposed to cell sub- 
stance synthesized than did the bacterium (64). 

Although it was known since the work of Van Iterson, in 1904, and of Appel, 
in 1907, that many soil fungi are capable of decomposing cellulose, the informa- 
tion was not sufiS-ciently coordinated, either because of the limited amounts 
of cellulose destroyed by the organisms tested or because of the insufficient differ- 
entiation between the true cellulose and the hemicelluloses in the plant mate- 
rials. In the first survey made of the fungus population of the soil (6), it was 
found that naost of the isolated fungi were very strong cellulose-decomposers, 
15 out of 22 organisms tested being capable of bringing about this process rather 
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rapidly. The cellulose-decomposing fungi were far more active in this respect 
than the cellulose-decomposing actinomycetes and bacteria^ at least under the 
particular experimental conditions. A marked correlation was obtained (21, 28, 
30) between the amount of cellulose decomposed and the growth of the fungus, 
the latter being measured by the quantity of nitrogen transformed from an in- 
organic into an organic form by the mycelium (table 4). The ratio of cellulose 

TABLE 3 


Decomposition of plant proteins by a fungus and a bacterium 


PROTEIN 

ORGANISM 

GLUCOSE ADDED 

PROTEIN 

DECOMPOSED 

GROWTH OP 
ORGANISM 




■mgm. 

mgm. 

Edestin 

Trichoderma 

— 

541 

167 

Edestin 

Trichoderma 


375 

1 359 

Edestin 

B. cereus 



622 

1 52 

Edestin 

B. cereus 

4- 

506 


Gliadin 

Trichoderma 



854 

151 

Gliadin 

Trichoderma 

+ 

495 

460 

Gliadin 

B. cereus 

i 

905 


Gliadin 

B. cereus 

-h 

606 

203 

Zein 

Trichoderma 

— 

339 

91 

Zein 

Trichoderma 

+ 

633 

355 

Zein 

B. cereus 

— 

853 

15 

Zein 

B. cereus 

+ 

276 

153 


TABLE 4 


Decomposition of cellulose by Trichoderma sp. 


INCUBATION 

CELLULOSE 

DECOMPOSED 

1 CO 2 LIBERATED 

GROWTH OP 
FUNGUS 

NITROGEN 

ASSIMILATED 

, RATIO OP 

CELLULOSE 
DECOMPOSED TO 
NITROGEN 
ASSIMILATED 

days 

mgm. C 

mgm. C 

mgm . 

mgm. 


7 

207 

78 

291 

18.9 

24:1 

14 

409 

126 

640 

27.4 

33:1 


decomposed to nitrogen consumed by the fungi was about 30:1. This ratio 
was later found to have a bearing upon the extent of liberation of nitrogen in the 
form of ammonia in the decomposition of plant materials (40), especially in 
green manures (42), in composts of plant residues (44), or in stable manures (45). 

The addition of cellulose to the soil had a marked effect upon the development 
of fungi, as compared with the bacteria and actinomycetes. This was especially 
true where an available source of nitrogen was also added. The controlling 
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effect of the nitrogen upon the decomposition of the cellulose and upon the 
development of the fungi was very striking; this led to the conclusion that the 
liberation of nitrogen in a given soil is affected, if not completely controlled, by 
the rate at which the added cellulose can be decomposed. This process was 
measured either by the rate of evolution of CO 2 from the cellulose or by the 
extent of disappearance of the cellulose. The treatment of the soil with dis- 
infectants (19) brought about a sharp reduction in the number of fungi, which 
was accompanied by a reduction in the amount of cellulose decomposed thus 
emphasizing further the role played by the fungi in the destruction of cellulose 
in the soil (21, 28, 30). 

The stimulating effect of cellulose upon the fungus population is greatly in- 
fluenced by the soil reaction (21, 31). This confirms the earlier observations 
of the effect of reaction upon the nature of the fungus flora of the soil. Whereas 
the addition of cellulose to a California soil of pH 7.5 resulted in hardly any in- 


TABLE 5 

Decomposition of washed horse manure by pure cultures of fungi 


PLANT CONSTITtJENT 

TOTAL IN CONTROL 

MATERIAL DECOMPOSED* IN 51 DAYS BY 

Trickoierma 

Coprinus 

Agaricus 


mgm. 

mgm. 

mgm. 

mgm. 

Total material 

11,779 

555 

2,378 

1,015 

Water-soluble organic 





matter. 

312 

+96 

+268 

+372 

Hemicelluloses 

1,326 

; 8 


+396 

Cellulose 

3,334 

' 235 

2,224 

479 

Lignin 

3,183 

54 

518 1 

555 


* -{- indicates increase. 


crease in the numbers of fungi, a New Jersey soil having a pH of 5.2 showed a 
very marked increase. The conclusion was reached, therefore, that in acid 
soils, fungi are the primary agents concerned in the decomposition of cel- 
lulose (41). 

In a study of decomposition of complex plant materials, such as horse manure, 
by pure cultures of fungi (54), various organisms were found to differ greatly 
in their ability to attack the specific chemical constituents (table 6) . Coprinus 
brought about greater decomposition of cellulose than either Agaricus or Tricho- 
derma. The total decomposition of the individual chemical constituents of the 
manure was found to exceed the amount of total material decomposed. This 
•was due to the extensive synthesis of mycelium by these fungi, as illustrated 
by the increase in the water-soluble constituents in the residual material. Both 
the Agaricus m.d the Coprinus also decomposed considerable amounts of lignin, 
^though these three fungi are strong cellulose-decomposing forms, each possesses 
its own characteristic mechanism or capacity to attack the various chemical 
constituents of the plant material. 

In a further study of the decomposition of complex plant materials by micro- 
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organisms, a larger number of organisms, was used and^eir action com- 
pared mth that of a complex soil population, as found in a^il suspension. This 
study brought out the fact that some fungi, as represented by the Mucorales, 
do not decompose either cellulose or lignin. Other fungi, like Humicola, were 
found to decompose cellulose but not lignin when no available nitrogen had been 
added; the addition of nitrogen greatly stimulated decomposition of plant mate- 
rials by both the pure and the mixed cultures . N one of the pure cultures brought 
about as much decomposition of the cellulose as did the complex soil population. 

In the process of decomposition of plant materials, considerable fungus 
mycelium is synthesized. Cellulose and lignin supply the energy to the fungi, 
and thus play an important part in the preservation of the nitrogen in soils and 
in composts (74). The freshly synthesized cell material is not resistant to 
further decomposition but undergoes in the soil rapid attack by various bacteria 
and other organisms. The resulting products comprise mineralized elements 
and compounds that can be used by higher plants, slim}’^ substances that have a 
binding effect upon the mineral constituents of the soil (13*), and certain com- 
pounds that enter into the humus complex of the soil. The binding effect of the 
fungi and their products upon the finer soil particles helps to prevent soil erosion 
(102, 107, 109, 113, 116). 

The role of fungi in the decomposition of plant and animal residues in soils 
and in composts thus involves a large number of reactions, some of which are 
still but vaguel^^ understood. Many transformations, however, have been 
clearly elucidated, including the decomposition of humus (25), of soil organic 
matter as a whole (55, 56), of cellulose (21, 28, 30, 31, 34, 35, 41, 86, 105), of 
hemicelluloses (55, 56) including polyuronides (68), of lignins (78, 90), and of 
proteins (26, 64) ; the liberation and assimilation of nitrogen, accompanied by 
cell synthesis; and the liberation of phosphorus (100). Most of these fungi are 
mesophilic, but a few are thermophilic (95, 97). Many of the processes carried 
out by fungi cannot be separated from corresponding reactions of other groups 
of soil microorganisms, especially actinomycetes and bacteria. 


Associative and antagonistic effects of soil fungi 

The ability of soil fungi to inhibit the growth of other fungi and bacteria, and 
even bring about their destruction, has long been recognized (19*, 81, 106). 
Until very recently, most attention was focused on the significance of this process 
in the control of plant diseases that either originate in the soil or are brought into 
it. Recently, attention has been largely directed to the production of anti- 
biotic substances by fungi (130). Through their ability to produce such agents, 
fungi are beginning to play an important role in controlling a variety of bacterial 
infections in man and in animals. Illustrations include the production of peni- 
cillin by fungi belonging to the P. notatum^ P. chrysogenum (6*), and other groups 
(122); of gliotoxin by members of the Trichoderma, Gliocladium (26*), md A, 
fumigatus groups (124) ; and of clavacin by a large number of fungi (125) . 

The principle of the acid fungus agar used for the isolation of fungi from soil 
and composts has been adapted to the isolation of organisms antagonistic to 
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Wa^^gar, to which phosphate, glucose, and a suspension of 
living bacteiial cell^^^e added, is acidified to pH 4 and used for plating pur- 
poses. The nature of the fungi that develop on such plates depends entirely 
on the nature of the bacterium added to the medium. Gram-positive bacteria, 
notably Sarcina lutea. Bacillus subtilis, and Staphylococcus aureus, give rise, on 
the plates, to very clear zones surrounding the colonies of the antagonistic fungi. 
On the other hand, gram-negative bacteria result in rather limited zones, al- 
though some bacteria like Pseudomonas fluorescens are also suitable for this 
purpose. 

By the use of this method, it was possible to isolate more than 160 strains of 
fungi, representing many genera and species, capable of inhibiting the growth of 
bacteria and of producing a variety of antibiotic substances. These fungi were 
divided into nine groups, as follows: 

TABLE 6 


Bacteriostatic action of several antibiotic substances upon different bacteria 
Activity in dilution units per gram of material 


1 

SUBSTANCE 

TEST ORGANISM 

! S. aureus 

M. phlei 

B. subtilis 

E. coli 

Lp^. aeruginosa 

Ps. aeruginosa 

Penicillin 

5,000,000 

7,500 

' 19,000,000 

<5,000 

0 

0 

Chaetomin 

400,000 

800,000 

400,000 

0 

0 

0 

Clavacin 

50,300 

67,000 

i 65,000 

100,000 

5,000 

7,500 

Fumigacin 

303,000 

91,000 

200,000 

0 

0 

0 

Actinomycin 

6,000,000 

4,000,000 

60,000,000 

15,000 

0 

0 

Streptothricin 

500,000 

300,000 

1,000,000 

100,000 

1,000 

5,000 

Streptomycin*. . . . 

100,000 

600,000 

100,000 

30,000 

3,000 

6,000 


* This was a much cruder preparation than streptothricin ; in order to compare the 
two, it is necessary to multiply all the results for streptomycin by 3.33, with E, coli as unity. 


1. Chaeiomium group. A single representative, later identified as C. cochliodes, was iso- 
lated during this survey. The organism produces an antibiotic substance that is largely 
active against gram-positive bacteria and that has been designated as chaetomin (132, 133) .2 

2. Aspergillus fumigatus. Some fifteen strains of fungi belonging to this group were 
isolated from the soil. These organisms produce as many as four antibiotic substances; 
namely, spinuiosin, f\xmiga.iin, fumigacin (120, 124), and gliotoxin (124) ,w hich differ greatly 
in the extent of their activity and in the nature of the antibacterial spectrum. The first 
three are largely active against gram-positive bacteria, whereas the last acts also upon 
gram-negative organisms. 

3. Aspergillus clavatus. Three strains of this organism, isolated from composts, w^ere 
found to produce a powerful antibiotic substance active against both gram-positive and 
gram-negative bacteria. This substance has been described as clavacin (119, 120), and was 
found to be identical with claviformin, patulin, and clavatin, described by other investi- 
gators (125). Itisproducedby a large number of other fungi. 

4. Aspergillm ftavus-oryzae group. Members of this group of fungi are capable of pro- 
ducing two antibiotic substances, aspergillic acid and a penicillin-like substance, variously 


2 Italics indicate that the substance was first studied in our laboratory and described by 



THREE DECADES WITH SOIL ¥JmGl 



described as flavatin, flavicin, and flavacidin. The latter i^^^Ked m cI3 
media, especially when grown in a submerged and agitated stat^^®). 

5. Penicillium luteum-purpurogenum groups A large number of organisms belonging to 
this group have been isolated and found to have antagonistic properties. Some produce 
substances of the penicillin type and others of the clavacin type. 

6. Penicillium notatum-P, chrysogenum group. Members of this group of fungi produce 
two antibiotic substances, one of which is the now classical penicillin and the other a glu- 
cose-oxidase, which has been variously described as penatin, E. coli factor (115), notatin, 
and penicillin B. In the early studies (6), several strains of this group of fungi were iso- 
lated from a number of different soils. These organisms must be considered as typical soil 
inhabitants (131). 

7. Trichoderma. A substance designated as gliotoxin is produced (27*) by some strains 
of this group of fungi. 

8. Fusarium-Cephalosporium group. Many strains of these two genera of fungi have 
been isolated from the soil and found capable of producing antagonistic effects against bac- 
teria. None of these organisms has been studied in further detail, however, and no anti- 
biotic substance has been isolated. 

9. Miscellaneous group of fungi, comprising a variety of unidentified species capable of 
antagonizing the growth of various bacteria. 


The nature of the fungus strain and the conditions of culture have a marked 
effect not only on the amount of antibiotic substance produced, but often on its 
very nature. This was found to hold true, for example, for penicillin-producing 
strains of P. notatiim (131) and A. Jlavus (122), clavacin-producing A. clavatus 
(119), and others. The antibiotic substances not only possess bacteriostatic 
properties but exert also a marked bactericidal action (134), different bacteria 
varying greatly in the degree of their sensitivity to each substance. 

Although most of the antibiotic substances that have been studied so far are 
largely active against bacteria (table 6), some have also been found to exert a 
marked effect upon fungi, including such important parasites as Ceraiostomella 
ulmi (123). It may be of interest to note that various fungi also possess the 
capacity of killing protozoa and nematodes (4*). 

A large number of soil fungi thus are found capable of controlling the develop- 
ment of various other microorganisms. This may prove to be of particular 
importance in keeping the soil in a sanitaiy state, at least so far as many of the 
bacteria capable of causing human and animal infections, and possibly bacteria 
causing plant diseases (127), are concerned. To what extent this antagonistic 
action of fungi may prove to be injurious to some of the useful soil organisms, 
such as the root nodule bacteria of leguminous plants, still remains to be de- 
termined. 

The full significance of these findings in terms of soil processes must await the 
more careful coordination of the results. Although the problems of infection and 
disease have made it necessar}^ to emphasize those asipects that have a direct bear- 
ing upon the isolation of antibiotic substances (135), there is no doubt that much 
of the information obtained in these studies may prove to have a bearing upon 
the nature and abundance of the soil population in its influence upon useful 
organisms as well as upon those fungi and bacteria that cause animal and plant 
diseases. Cooperative studies on the control of the larvae of the Japanese beetle 
in the soil by means of the fungus Meiarhizium and especially of certain bacteria 
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causing tfie so-called milky disease of the beetle larvae have yielded very 
encouraging results 

Fungus 'population of the soil in relation to growth of higher plants 


The relations of the fungus population of the soil to the growth of higher 
plants represent four distinct aspects : first, the occurrence of fungi in the rhizo- 
spliere of the plants; second, the formation by some fungi of associations with 
the root systems of various plants, known as mycorrhizae (17*, 21*); third, 
the causation of plant diseases by different soil-inhabiting fungi (7*, 22*) ; and 
fourth, the influence of saprophytic soil fungi upon fungi producing plant dis- 
eases. Only the first of these problems has received detailed consideration. 
The other thi'ee phenomena, therefore, are only briefly mentioned here, despite 
their great economic importance. 

In a study begun by Starkey in this laboratory in 1928, it was found (48, 49) 
that the filamentous fungi appeared to be less affected than either the bacteria 
or the actinomycetes by root development of Ingher plants. As determined 
by the plate method, there was only a moderate increase in the abundance of 
fungi in the vicinity of root development. An investigation of the relative 
abundance of fungi in soils at various distances from the root surfaces (61, 62) 
indicated that the numbers of fungi were not appreciably greater in soils around 
the plant roots than in soil obtained at some distance away. The actual super- 
ficial root tissues, however, showed evidence of considerable fungus develop- 
ment, yielding, in some cases, ten times as many colonies of fungi as soil obtained 
from the rhizosphere. Further evidence of the effects of roots on fungus de- 
velopment was obtained by the use of buried slides (92), according to the 
procedure of Cholodny (3*). There was abundant fungus development about 
root hairs and small roots, but fungus growth was not so profuse as that of 
bacteria. The fungi appeared not only on the residues of the dead roots and 
root hairs, but also on roots that apparently were developing actively. The 
filaments grew near the surface of the roots and also penetrated intracellularly 
and intercellularly. In regions where root tissue was disintegrating there was a 
profusion of bacteria, actinomycetes, and fungi, the last appearing as vegetative 
mycelium and as spores. The results indicated that higher plants, through their 
roots, have a much greater influence on fungus development than was evident 
from the initial results, obtained by the use of the plate method, which must be 
considered as somewhat inadequate for this purpose. 

The characteristics of some of the fungus structures occurring on the buried 
slides were different from those of the fungi commonly encountered on agar 
plates inoculated with soil. It was concluded that many of the typical soil 
fungi are not recovered from the soil on the agar plates or that the fungi show 
different growth characteristics in the soil. Even in regions of the soil where 
there was no appreciable development of plant roots, there was a considerable 
amount of fungus mycelium and a variety of fungus spores. Some spores oc- 
curred in aggregates, and others were very much dispersed. Fungus growth 
was encountered about bits of decomposing plant material and insects. 
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There were evidences of extensive bacterial development about the fungus 
mycelium. In some instances the bacterial cells were scattered along the hy- 
phae. Sometimes small aggregates of cells studded the mycelium. The most 
striking effect was the development of large dense aggregates composed of hun- 
dreds of small coccoid bacterial cells on the hyphae. Although the bacterial 
development was doubtless concerned in destruction of the fungus h^^phae, in 
many instances the large aggregates of bacteria probably were developing upon 
the organic materials excreted hy the fungi. These results suggest the follow- 
ing explanation for the nonpersistence of the mycelium of certain fungi in the 
soil: certain environmental conditions lead to rapid vegetative development 
of the fungi, and after the food supply is exhausted or w'hen there is a change in 
the environmental conditions, the mycelium is destroyed by other soil micro- 
organisms. 

A number of theories have been proposed (7*, 38) in regard to the control, 
by stimulating the development of antagonistic soil microorganisms, of fungi 
producing plant diseases. One of the best means of accomplishing favorable 
results consists in adding fresh plant materials in the form of green manures, 
stable manures, or composts. These favor the development in the soil of a large 
number of fungi and bacteria, which in their turn bring about the inhibition of 
growth and often actual destruction of the disease-producing organisms. This 
was shovm (14*) to hold true of the cotton root-rot fungus and many others. 

Miscellaneous 'problems on the occurrence and activities of fungi 

iVmong the various miscellaneous problems dealing with fungi, isolated from 
the soil or from other substrates, investigated during the last three decades, the 
following deserve consideration: 

Production of organic acids by fungi. The formation of lactic (85, 91) and 
fumaric (93, 94) acids by several species of Rhizopus resulted in development of 
practical processes for the manufacture of these two acids. A patent ^vas ob- 
tained (114) for the manufacture of fumaric acid, both by surface and by sub- 
merged growth. 

Enzymes of fungi. Enzymes produced by fungi, including proteolytic (11), 
amylolytic (13), and lipolytic (77), were investigated at various times, often from 
the point of view of application of such enzymes to industry, and a monograph 
dealing with enzymes of microorganisms was published (18). 

Acid-tolerant fungi. In connection with the study of damage done by fungi 
to certain textile products in baths containing sulfuric acid and copper sulfate, 
two fungi were isolated (121) that were capable of growing in 2.5 iV sulfuric acid 
and in a saturated solution of copper sulfate. These fungi were later identified 
as Acontium velatum and a member of the Dematiaceae. 

Nutrition of fungi. The metabolism of various fungi was investigated at 
different times, from the point of view of the utilization of specific nutrients by 
fungi, the effects of certain elements such as heavy metals (98) on the growth of 
fungi, the production of organic acids and other metabolic products, or the 
development of a proper medium for the growrth of economically important fungi. 
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In the study of the nutrition of the edible mushroom (57, 58, 65, 66, 72), it 
was found that Agaricus campestris is capable of utilizing the lignin and lignin- 
like materials in the composts, as shown in table 5. Since the composting of 
plant residues and stable manures leads to an accumulation of lignin and to a 
reduction in the cellulose, it was suggested that the major purpose of composting 
such materials is to bring these two reactions, thus favoring the development of a 
compost required by the mushroom fungus. This fungus utilizes largely the 
lignin, the cellulose being consumed to only a limited extent. 

Role of fungi in soil processes and in plant nutrition 

One is justified in concluding that, because of their great abundance in the 
soil and their many and varied activities, fungi play a very important role in soil 
transformations and in the growth of higher plants. These effects may be 
summarized briefly as follows: 

Fungi break down complex plant and animal residues, reducing them to a mineralized 
state and liberating the essential elements in forms available for plant growth. They also 
transform some of the plant and animal constituents to humus, which is resistant to rapid 
attack by microorganisms and becomes a part of the soil system. 

Fungi readily attack proteins, both in a free state and in the form of plant and animal 
residues, liberating some of the nitrogen as ammonia. A part of the nitrogen is stored in 
the newly synthesized fungus cell material. This is especially true w^hen, in addition to the 
proteins, carbohydrates are present, thus permitting the synthesis of considerable mycelium 
in the soil. 

Many fungi are capable of bringing about the rapid destruction of cellulose and hemi- 
celluloses, but not of the lignins, in the plant materials. In consequence, the lignins tend 
to accumulate in the soil in the process of decomposition of the plant residues. 

Through the synthesized mycelium and the accumulation of the residual lignin, fungi 
contribute directly to the formation and accumulation of humus in the soil. 

Soil humus is not absolutely resistant to further decomposition by microorganisms. 
Many fungi are capable of bringing about a gradual destruction of the humus, liberating 
the carbon as CO2 and the nitrogen as ammonia. Certain fungi, like Agaricus campestris 
and Coprinus, have a special capacity of decomposing lignins and the resistant humus com- 
plexes. 

Soil fungi form various associations with plants, ranging from direct symbiosis to definite 
parasitism. 

Certain fungi that have the capacity of surviving in the soil, where they may lead a nor- 
mal life, are capable of attacking higher plants, thus resulting in a large number of im- 
portant plant diseases. 

Some of the soil fungi have the ability to interfere with the grow^th of bacteria and other 
groups of microorganisms through the production of bacteriostatic and bactericidal sub- 
stances, On the other hand, many fungi are greatly influenced by the growth of other 
microorganisms that produce fungistatic and fungicidal substances. In normal soils, a 
definite state of equilibrium is apparently established betw^een the growth of fungi and other 
microorganisms. 

Through their extensive vegetative mycelium in the soil, as well as through their meta- 
bolic products, fungi bind the finer soil particles, thus preventing their erosion from the soil. 

Fungi are utilized as test agents for determining the nature and concentration of a vari- 
ety of inorganic and organic compounds in the soil, ranging from available phosphorus and 

potassium to the vitamins thiamine and pyridoxine. 

Through their varied physiology , soil fungi have been utilized industrially for the manu- 
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facture of organic acids, of diastatic, proteolytic, and pectolytic enzymes, of antibiotic 
agents, and of a number of other materials used in industry and in the home. 

Although fungi form only a part of the soil population, their abundance, mass of growth, 
varied physiology, and many activities make them essential to numerous soil processes and, 
therefore, to the continued existence of life on this planet. 

EPILOGUE 

Fungi, comprising the filamentous, chiefly microscopic, nonchlorophyl-bearing 
plants, are widely distributed in nature. They occur abundantly in soil, water, 
and dust. They, together with the bacteria, are the universal scavengers, de- 
stroying the residues of plant and animal life. Although most of them are 
saprophytic, some are parasitic, capable of attacking living plant and animal 
tissues; still others are capable, through antagonistic properties, of repressing 
the growth of many microorganisms. Fungi affect the life of man in many ways 
and are, therefore, of great economic importance. An understanding of their 
control, where necessary, or their utilization, when desired, involves knowledge 
of their physiology^ and of their response to the environment and to the action 
of physical and chemical agents (118). 

The investigations of the soil fungi carried out in the laboratories of the de- 
partment of soil microbiology of the New Jersey Agricultural Experiment Station 
during the last three decades have touched upon many aspects of the ecology of 
the fungi, their physiology^, their role in natural processes, especially in soils and 
composts, and their utilization. If to these are added the investigations of two 
other closely related groups of microorganisms, the actinomycetes and the bac- 
teria, the former often spoken of as a group of fungi and the latter as fission fungi, 
the field of microbiology covered may be said to be fairly broad. These studies 
embraced a large number of problems, some limited in scope, others compre- 
hensive in nature. The results obtained varied greatly in significance, some 
being merely exploratory in nature, and others involving extensive and detailed 
studies. Limited consideration given to certain problems was due in many 
instances to the departure of collaborators or assistants from the laboratory or 
to the lack of time and facilities to bring the problems to their proper conclu- 
sions. In other instances the methods and the knowdedge of the field were not 
sufficiently advanced to justify more extensive work. 

In these investigations, manyr collaborators from all corners of the earth have 
participated. Some forty of them have been listed as authors and co-authors, 
and the names of many others who have participated in the solution of some of 
these problems might have been added. To them, is due much of the credit for 
whatever positive results have been obtained in our efforts to solve the problem 
of the fungi and their importance in the cycle of life in nature, and especially 
in soil processes and in plant nutrition. 
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PLATE 1 

Figs. 1 and 2. Growth of fungi on bits of organic matter in soil. [From Kubiena and 
Renn (76) .] 

Fig. 3. Root hairs invaded by fungus byphae and other organisms. [From Starkey (92).] 
Fig. 4. Plate method for enumerating fungi, developed in our laboratory. 

Fig. 5. Method of isolating fungi producing antibiotic substances. 

Fig, 6. Antibacterial action of two types of substances produced by fungi. 




WATER-DROP METHOD OF DETERMINING STABILITY OF 
SOIL STRUCTURE! 

T. M. McCALLA® 

Soil Conservation Service, U. S. Department of Agriculture 
Received for publication May 12, 1944 

In order to determine the effect of microbiological and organic matter treat- 
ments on the resistance of soil structure groups or clods to the action of raindrops, 
it was necessary to devise some method of measuring this effect. This paper is 
designed to show the effect of various factors on the number or quantity of water 
drops required to disintegrate the structure of a unit of soil and the appropriate 
conditions for testing. 


METHOD 

Soils used 

Subsoil from a deposit of typical Peorian loess was taken from a road cut near 
Plattsmouth, Nebraska, at a depth of 10 to 15 feet. It has 0.2 per cent oxidiz- 
able material as determined by the chromic-acid method, and its mechanical 
composition as determined by the hydrometer method is 14 per cent sand, 66 per 
cent silt, and 20 per cent clay, Marshall silty clay loam topsoil cultivated for 
many years at the Agronomy Farm, Lincoln, Nebraska, was used for comparison. 
The samples were prepared by breaking the air-dry soil into small lumps and then 
screening out units of desired size. 

Laboratory procedure 

A soil lump weighing approximately 0.15 gm. was placed on a 1-mm. screen? 
and drops of distilled water 4.7 mm. in diameter, falling 30 cm. from a burette, 
were allowed to strike it. When a soil lump or aggregate was broken down and 
at the point of being washed through the screen, it was considered destroyed.® 
The end point w^as sharp for the loessial subsoil, but for the more highly aggre- 
gated Marshall topsoil the end point w’as more difficult to determine, because the 
lump frequently broke into several small aggregates that were kept together with 
a spatula until broken down. Three sets of determinations with 20 individual 
determinations in each were made for the data reported in this paper. Air-dry 
soil was used. 

^ Contribution by the Soil Conservation Service, U. S. Department of Agriculture, and 
the Department of agronomy, Nebraska Agricultural Experiment Station, Lincoln, Ne- 
braska, cooperating. Journal Series No. 354. 

2 Associate bacteriologist, Soil Conservation Service. The writer is indebted to F. L. 
Duley and J. C. Russel, project supervisor and cooperative agent, respectively, Soil Con- 
servation Service, for their suggestions during this investigation and in the preparation of 
this manuscript. 

3 McCalla, T. M. 1942 The influence of biological products on soil structure and infil- 
tration. Proc. /SofZ /S'cf. ^oc, A mer. 7 : 209-'214. 
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EBSULTS 

Size of soil lump or aggregate 

When soil lumps of loessial subsoil and Marshall topsoil varying in weight from 
0.05 to 0.35 gm. were used, the number of water drops required to break down 
0.1 gm. of soil decreased less per unit weight with lumps of 0.15 to 0.35 gm. than 
with smaller lumps, as shown in table 1. The Marshall soil required more drops 
to break down the structure than the loessial subsoil. It seemed probable that 
the smallest units of soil were not large enough to absorb the complete impact of 
the drop, therefore more drops were required per unit weight for the smaller 
lumps. There was less variation in drop requirements for large aggregates than 
for small. Hence 0.15 gm. was adopted as the standard size unit tor testing. 

TABLE 1 


Influence of soil lump size on number of water drops required to break down soil structure* 


WEIGHT OT SOIL gm. 

o.os 

0.07 ! 

0.10 

0.15 

0.25 

0.35 


Drops to destroy 0.1 gm. of soil 

Loessial subsoil (Peorian) 

8.8 

7.1 

6.1 

4.7 

4.3 

3.8 

Marshall topsoil 

15.9 

13.4 

11.3 

9.3 

8.2 

7.4 


, * Except where otherwise stated, the water drop size used in these tests was 4.7 mm. 
dimeter falling from a height of 30 cm. at a rate of 1 drop per 4.5 seconds, and the weight of 
soil tested was 0.15 gm. 


TABLE 2 

Influence of fall distance of water drops on stability of soil structure 


HEIGHT Oy TALL 

— cm. 

5 

30 

60 

80 

ISO 


Drops to destroy 0.1 gm. of soil 

Loessial subsoil (Peorian) 

5,0 

4.8 

5.0 

5.7 

5.7 

Marshall topsoil 

11.1 

9.1 

8.8 

8.6 

8.9 



Height of fall 

; When, drops of water falling from heights varying from 5 to 150 cm. were al- 
lowed to strike lumps of loessial subsoil or Marshall topsoil, the number of drops 
required to break down the lumps was approximately the same for the different 
heights used, as shown in table 2. An increase in the height of fall from 5 to 30 
cm. decreased slightly the number of drops required for the Marshall topsoil. 
For this reason, 30 cm. was selected as a desirable height for the drops to fall, and 
4.7 mm. was used as the standard drop diameter. 

The action of a water drop on soil structure seemed to be largely through the 
wetting and swelling of the soil, which loosened up the lump so that a drop could 
break it down, A dry lump of loessial subsoil required 984 gm. pressure to crush 
it, whereas only about 0.5 gm. of water was necessary to destroy the soil structure 
with falling water drops, or approximately 2000 times as much energy was re- 
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quired for the dry soil. This appears to be the reason why different heights of fall 
had little effect on the number of water drops required to break down the 
structure. 


Intensity of drop application 

Water drops were applied at rates var3dng from one drop per 0.55 second to one 
drop per 36 seconds to lumps of the two soils under study. No significant differ- 
ences were found in the number of drops required to destroy the aggregates of the 
loessial subsoil due to rate of drop application. There was a significant increase 
with the Marshall topsoil, as shown in table 3. It is obvious that soil samples 
should be tested at the same rate of drop application. A rate of one drop per 4.5 
seconds was selected because it gives sufficient time for counting the drops and 
does not extend the time of determination too long. 

TABLE 3 


Influence of water-drop intensity on stability of soil structure 


ONE DSOP PEE NUMBEH OP SECONDS 

36 

18 

9 

4.5 

2,25 

1.12 

■ 0.55 

i 


j Drops to destroy 0.1 gm. of soil 

Loessial subsoil (Peorian) 

4.7 

4.7 

4.7 

4.5 : 

4.4 i 

4.2 

5.4 

Marshall topsoil 

7.5 

7.8 

8.8 

9.7 

10.8 

11.9 

15.4 


TABLE 4 

Influence of water temperature on number of water drops required to break down soil structure 


TEMPEEATURE ®C. 

0 

28 

60* 


Drops to destroy 0.1 gm. of soil 

Loessial subsoil (Peorian) 

4.9 

4.5 

4.2 

Marshall topsoil 

11.4 

9.7 

8.7 


* The temperature of the soil was 28°C. 


Water and soil temperatures 

The influence of water and soil temperature on the stability of the large soil 
aggregates or lumps was determined. Water and soil at 0® C., water and soil at 
28° C., and water at 60° C. and soil at 28° C. were used. The higher the tem- 
perature of the water, the smaller was the number of drops required for aggregate 
disintegration, as shown in table 4. The effect of temperature, however, was less 
than might be expected, but was more marked in the Marshall soil than in the 
loessial subsoil. It would appear that slight variations in the room temperature 
of water or soil would not greatly influence the results. 

Water-drop size 

Decreasing the diameter of water drops from 4.7 mm. to 3.4 mm. and 2.4 mm. 
resulted in an increase in the number of drops but a decrease in the amount of 
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water required to break down the soil structure, as shown in table 5. The drop 
size of 4.7 mm. diameter was selected for most of these tests because this is the 
approximate size of drops delivered by the burettes used. 

Moisture content of soils 

Air-dry soil was compared with soil allowed to become wet by absorbing* water 
for 15 minutes from saturated cheesecloth. A slightly smaller number of drops 

TABLE 5 


Influence of water-drop size on number required to destroy soil structure 


DIAMETER OP WATER DROPS mm. 

WEIGHT OP DROP mgm. 

4.7 

54.4 

3.4 

20.6 

2.4 

7.2 


Water to destroy 0.1 gm. of soil 


Drops 

gm. 

Drops 

gm. 

Drops 

gm. 

Loessial subsoil (Peorian) 

4.5 

0.24 1 

6.8 i 

0.14 

11.7 

0.08 

Marshall topsoil 

9.6 

0.52 

10.9 

0.22 

20.3 

0.14 


TABLE 6 

Influence of moisture content of soil lump on number of water drops required to break down 

structure 



WET 

DRY 



Drops to destroy 0.1 gm. of soil 

Loessial subsoil (Peorian) 

4.1 

4.4 


Marshall topsoil 

8.7 

9.6 





TABLE 7 

Influence of soil treatment on number of water drops required to break down soil structure 


SOIL USED 

NUMBER OP DROPS PER 0.1 GM. 


Loessial subsoil (Peorian) 

4.5 

Loessial topsoil — virgin 

29.5 

Loessial subsoil (Peorian) plus 5 per cent sucrose — incu- 
bated 1 month 

323.0 

Marshall topsoil — cultivated 

9.9 

Marshall topsoil plus 4 per cent sucrose — incubated 2 days . 

296.0 


was required to destroy the moist soil lumps, as shown in table 6. The differ- 
ences were very small but suflScient to indicate that samples should be com- 
pared at similar moisture contents. 

Effect of soil treatment 

Different treatments were applied to the loessial subsoil and the Marshall top- 
soil, and these treated soils were then tested to determine the possibility of using 
the water-drop method for determining changes in soil structure. The results 
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show a wide range in the number of water drops required to break down the 
structure in soils having different treatments, which would indicate that the 
method may have value in detecting such differences (table 7). 

Variation between determinations 

There was considerable variation between the results of individual determina- 
tions, especially with highly aggregated soils. As a mean of 20 determinations, 
the standard deviation was 0.21 drop for the loessial subsoil requiring 4.5 drops of 
water per 0.1 gm. of air-dry soil to destroy the structure. For the Marshall top- 
soil requiring 9.7 drops of water per 0.1 gm. of soil to destroy the structure, the 
standard deviation was 1.6 drops. 

DISCUSSION 

By the method described it is possible to determine the influence of falling water 
drops on soil structure deterioration leading to the formation of the compact 
surface layer which forms on soil during rains. This compact layer forms some- 
what gradual^, however, and does not depend upon complete breakdown of 
structure. The method also affords a study of the action of water drops on the 
soil structure, as to how the large aggregate or lump disintegrates from the bom- 
bardment by water drops. The loessial subsoil seems to melt away under the 
impact of the water drops, much like sand, because it has little binding material 
to hold it together. The Marshall soil seems to break up instantl}" into smaller 
units of aggregates that eventually give way under the impact, or small aggre- 
gates are broken one by one from the larger unit as each drop strikes it. 

In this procedure a unit of energy or hitting force is applied to a small lump of 
soil. Organic liquids that do not cause the soil to swell may be dropped on the 
soil almost indefinitely without destroying the structure. About 2000 times as 
much energy was required to crush a dry lump of soil as was necessary to break it 
down with water drops. The action of the falling water drop on soil structure is 
then largely through wetting and swelling, which loosens up the lump so that a 
drop can disintegrate the structure. The hitting action of the rain drop is neces- 
sary, however, for dispersing the soil sufficiently so that it finally results in the 
formation of the compact layer on soils during a rain. 

SUMMARY 

A method was devised for observing the effect of individual falling water drops 
on the stability of lumps or clods of soil. The number of water drops required to 
destroy a lump of soil increased with reduction of soil or water temperature, but 
decreased in a wet soil compared with a dry one. When the size of the drop was 
decreased, more water drops but a smaller quantity of water was required to 
destroy the structure. 

A w^ater-drop fall of 30 cm. and a soil lump size of 0.15 gm. were found satis- 
factory for the soils tested — Peorian loess subsoil and Marshall silty clay loam 
topsoil. 

More variation in the number of drops required to destroy the soil structure 
was encountered with Marshall topsoil than with loessial subsoil. 
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The relatively high boron content (11) of many soils and waters in southern 
California makes it most unlikely that any considerable area mil be found 
deficient in boron. Nevertheless, there have been many avocado orchards, 
near citrus groves, in which boron applications have been made rather freely 
in order to avoid the effects of avocado tree decline. Studies (9) have not re- 
vealed, however, that avocado soils are in need of an increase in their boron 
content. 

From extensive analyses of soils it has been concluded (18) that California is 
one of three large areas in the United States in which a boron deficiency is likely 
to be found. Rather striking responses to boron applications on Aiken soil in 
central California have been reported for olive trees (16), although no clear 
benefit from boron applications was observed in adjoining unthrifty orange trees. 
In certain areas in California apple trees have been shown (2) to respond to the 
use of boron. 

Citrus trees penetrate the soil to various depths and have time in which to 
accumulate sufficient boron to meet their requirements. The present paper 
deals with the water-soluble boron found at various depths in citrus orchards 
of California. It also deals with improvements in the turmeric method for boron, 
by which minute amounts can be determined with considerable accuracy. At- 
tention has been given to the factors that affect the soluble boron in soils: air- 
drying vs, oven-drying of soil samples, the changes in boron solubility with the 
long standing of cooled soil suspensions that previously had been heated, the 
effect of the temperature of cooling heated soil suspensions for filtration, the ig- 
nition of organic matter from filtered suspensions and the effect of ignition upon 
the recovery of boron added to such filtrates, and other factors such as dilution 
and pH variations. 

METHOD 

Investigations in regard to the water-soluble boron in soils have made use of 
spectrophotometric (10), titration (11), and recently, colorimetric (3, 6, 13) and 
biological (4) methods. The turmeric method (13) was chosen for the present 
investigation because of its simplicity and its accuracy in determining extremely 
small amounts of boron; in fact, the use of an A. C. model Fisher Electropho- 
tometer permitted the determination of as little as 0,01 p.p.m. of boron, as 
shown in figure L Such refinement required careful checking of the details of 
the method. 

Twenty unknown solutions could be determined in one day with the equipment 
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and routine described. A fresh suspension of calcium hydroxide was made by 
adding 0.925 gm. to 250 ml. of distilled water. A fresh turmeric suspension 
was made by adding 0.6 gm. of tunneric powder to 60 ml. of 95 per cent alcohol. 
Two sets, each consisting of 11 porcelain dishes, were cleaned and filled with 
distilled water, ^\diich was allowed to remain in the dishes until they were used. 

Aliquots (usually 1 or more ml. but not exceeding 25 ml.) of the unknown 
solutions were pipetted into ten of the emptied dishes, while the eleventh served 
as the blank. Calcium hydroxide solution (usually 5 ml.) was added to each 
dish, which was then placed on a water bath. As each dish became dry it was 
at once removed from the bath. To each of the cool dishes at one time was 
added 1 ml. of a freshly prepared solution (5 ml. of concentrated HCl and 20 ml. 
of saturated oxalic acid solution) which was brought into full contact with the 



PER CENT TRANSMISSION 

Fig. 1. Calibeation Cukve foe the Standaed Solution of Boeon: 0.0005 mgm. 

Boeon in 50 ML. Pinal Volume is Equivalent to .01 p.p.m. Boeon. 

residue by rotating the dish. Then to each dish was added 2 ml. of the filtered 
suspension of turmeric in alcohol, and the dishes were again rotated, after which 
they were placed for 2 hours (usually 11:20 a.m. to 1:20 p.m,) on a second 
water bath maintained at 55®C. 

Aliquots of other unknown solutions were added to the second set of dishes 
in the same manner as with the first set, the dishes being allowed to cool after 
the evaporation and to stand until 1:00 p.m. Then freshly prepared HCl- 
oxalic acid solution was added, the dishes were rotated, filtered alcoholic turmeric 
solution (saved in a stoppered flask as a left-over from the first set) was added, 
and finally the contents of the dishes were fully mixed by a second rotating of 
the dishes. 

At 1 :20 p.m. the first set of dishes was removed from the bath, and the second 
set of dishes was started on its 2-hour period of evaporation at 55®C. 
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To the first set of dishes that were cool was added some 95 per cent alcohol, 
and with the aid of a rubber policeman the colored solutions were passed through 
Whatman ^42 filter papers, 9 cm, in diameter, into 50-niL Pyrex volumetric 
flasks. The filter papers were washed several times with alcohol, and the flasks 
were brought to volume with alcohol. After being shaken, the alcoholic extract 
of the developed colors "were run vsuccessively into the 23-ml. cylindrical (| inch 
diameter) absorption cell, which was placed in an A.C. model Fisher Electro- 
photometer. The percentage of light transmission was then determined with 
the use of a green filter (5250 A.). From an enlarged graph that showed the 
relation of the percentage of light transmission plotted against the parts per 
million of boron (fig. 1), the boron content of the aliquot was found and that of 
the unknowm solution was calculated. 

At 3:20 p.m. the second set of dishes w^as removed from the bath and sub- 
sequently treated similarly to the first set. 

PREPARATION OF THE CALIBRATION GRAPH 

Dissolve 0.5716 gm. of dry boric acid in 1000 ml. of distilled water. This solu- 
tion contained 0.1 mgm. of boron per milliliter and was stock solution A. Dilut- 
ing 50 ml. of stock solution A to 500 ml. with distilled water produced stock 
solution B, which contained 0.01 mgm. of boron per milliliter. A third stock 
solution C containing 0.001 mgm. per milliliter was prepared by diluting 50 ml. 
of stock solution B to 500 ml. with distilled w^ater. Various amounts of stock 
solution C were used as the unknown solutions in preparing the graph shown in 
figure 1. 

MATERIALS AND EQUIPMENT 

A good grade of porcelain dishes (marked with a blue arrowO 1 1 % inches high, 
3i inches wide, and of 75 ml. capacity w^as used. For determinations involving 
ignition at low heat, vitreosil casseroles (without handles) 1| inches high, 3 inches 
wide, and of 75 ml. capacity were used. 

At the end of a day’s use, the dishes w^ere washed successively mth tap water, 
dilute HCl, and tap water, and then w^’ere dipped into concentrated H2SO4 and 
stacked in a glass dish. Before the determinations w’-ere made, the dishes w^ere 
washed with tap water and then distilled w-ater and w^ere allow^ed to remain 
filled with distilled water until just before the aliquots of the unknowms were to 
be pipetted. 

A w’-ater bath heated with gas was available for evaporation of the unknown 
solutions, a blank determination being a part of every set. As unavoidable delay 
would accompany the dropping of the temperature of this bath to 55'^C. a 
second water bath (11| inches wide, 26| inches long, and 3| inches deep, with 12 
holes each 3 inches in diameter) was used for the development of the color. This 
bath was placed on a piece of asbestos over a two-burner gas I'ange, which 
enabled rapid heating of the bath. Distilled water was used in both baths. 
When the temperature of the second w’-ater bath reached about 52° to 54°C., the 
gas was shut off , and the water was heated electrically to constant temperature 
at 55°C. as follows: Through a corner hole in the bath a knife-type heater (250 
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watt) was inserted and slanted in order to place the heating element under 
water. A motor stirrer was placed directly above this same hole in the bath 
and served to keep the water circulating. A cylinder made of cardboard was 
placed over the hole and about the stirrer to prevent the spattering of oil or 
water into the dishes. A slight cut was made through the rim of the corner hole 
at the other end of the bath, into which offset was placed a De Khotinsky bime- 
tallic thermoregulator equipped with a condenser and a neon-filled pilot lamp. 
T his hole was also used to hold one of the dishes. A thermometer was used for 
reading the temperature of the bath. Such a temperature control was desirable 
even though tests showed that no appreciable deviations in the results occurred 
when the temperature of the bath was maintained at 52°, 55° or 58°C. Sufiicient 
water to touch the evaporation dishes was kept in the bath. The results were 
not reliable when the temperature of the bath was not well controlled or when 
the bath was not kept filled with water. Comparisons of the colors of the resi- 
dues obtained at higher temperatures gave inconsistent results. A period of 2 
hours was used for the color development (evaporation at 55°C.), and enabled 
the use of two sets of dishes, each consisting of ten unknowns and a blank, per 
day. The blank was most useful in indicating the reliability of the results as 
well as for making correction allowances in the color readings. The importance 
of the control of temperature during the development of color in the determina- 
tion of boron with the quinalizarin procedure has been pointed out by previous 
investigators (14). 

Kavaher glass flasks were used for solutions involved in the color development. 
The bottle of powdered calcium hydroxide was of c.p. grade (Cenco lot 1102) 
and was thoroughly shaken when used for the first time. An , inverted paper 
bag was used to cover the bottle to protect it from dust. The 'turmeric powder 
(A. H. Thomas) was likewise mixed and protected. Suspensions of these in 
water and in alcohol respectively, if prepared when the day’s work is begun, are 
suitable for use later in the morning when they are needed. It was considered 
unnecessary to wash the turmeric powder with distilled water before using it for 
alcoholic suspensions (8), because the blanks showed no improvement. 

The HCl used was c.p. Baker’s analyzed grade (lots 11542 and 1.2141) each 
source of which was satisfactory. The oxalic acid was Baker’s c.p. special grade 
and was heated in a Kavalier flask with distilled water to near saturation and 
was then cooled. After the solution was poured off, more water was added, and 
the recrystallization was repeated. Such a product was most satisfactory. 

IMPORTANCE OP CERTAIN DETAILS IN THE METHOD 

Some investigators (1, 12) have discarded the turmeric method in favor of 
the quinalizarin method or have found the former less satisfactory. It is im- 
portant therefore to note the difficulties that were experienced before satis- 
factory results could be obtained. 

Redistilled water was used at first but the quantity required and its quality, 
due to lack of Kavalier glass parts, did not warrant continuance of its use. Dis- 
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tilled water of high grade was obtained, without redistillation, from the large 
gas still in which softener-treated water is distilled for the entire station at River- 
side. The still w^as allowed to operate for about 15 minutes before the water 
was taken. The water w’as collected in large Kavalier flasks as it came from the 
condenser. Regular distilled water taken from the large storage tanks was used 
for washings of no great importance, and the specially collected distilled w^ater 
was used for final rinsings and other purposes as necessary. 

The principle was adhered to that all solutions or chemicals involved in the 
production of the colored residue should be as nearly boron-free as possible. 
This saved much unnecessary precaution in the treatment of the residue. For 
example, use of Pyrex 50-ml. volumetric flasks, of 95 per cent alcohol that w'as 
redistilled after each day’s use, and of the same re-washed filter papers weeks at a 
time for removing the solids in the alcoholic extraction of the color, involved 
factors subsequent to development of the color residue and therefore required 
no special precautions. 

In any part of the method that is involved in the color development, however, 
every care must be exercised. For example, the 95 per cent alcohol used in the 
turmeric suspension must be boron-free. The commercial 95 per cent alcohol 
was obtained from an iron or steel drum, and 5 gallons was placed in a Pyrex 
bottle in order to avoid oxidizing or reducing agents (15). Immediate distilla- 
tion, with or without the addition of c.p. calcium oxide, into Kavalier flasks gave 
a satisfactory reagent. On the other hand, if the original commercial alcohol 
was stored in the Pyrex bottle for prolonged periods, the distilled product was 
unsatisfactory, and the more so the longer the previous storage had been in 
Pyrex. It w^as realized that boron wmuld be dissolved out of the Pyrex glass 
into the commercial alcohol, but no reference thus far has been noted that boron 
in appreciable amounts may come over with the alcohol upon redistillation, 
even in the presence of lime. A 3-liter flask of 95 per cent alcohol freshly ob- 
tained from the drum w^as heated and after the first that came over was discarded, 
the remainder of the distillate was satisfactory. When boron w^as added to the 
contents of the distilling flask, however, the distillate w^as heavily contaminated 
with boron, and wdth continued distillation the product remained unsatisfactory 
even after lime was added to the distilling flask. Although the method of dis- 
tilling boron with methyl alcohol is well known, no reference to boron distillation 
with ethyl alcohol had come to the author’s attention. 

Another important matter is the quality of the paper used in filtering the 
alcoholic turmeric suspension. A Whatman § 42 paper, 9 cm. in diameter, 
from a box with a light brown paper seal and with a declared ash content of 
0.057 mgm. per circle was found to be satisfactory. With the same kind of 
paper from another box but with a red paper seal and a declared ash content of 
0.064 mgm. per circle, very unsatisfactory results were obtained. With the 
turmeric suspension filtered through the first paper, the customary blank gave 
roughly 90 per cent light transmission, whereas with the second paper the value 
was roughly only 77 per cent. The possibility exists that this second paper 
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contains boron, sulfites, or some other oxidizing or reducing substance. When 
the better paper was used, no further difficulties were encountered. 

DETERMINATION OF WATER-SOLUBLE BORON 

The usual procedure was to place 20 gm. of air-dried soil (passed through a 
sieve with a mesh 1 mm. in diameter) in a 300-ml. Kavalier glass Erlenmeyer 
flask, add 40 ml. of distilled water, connect the flask with a reflux condenser, boil 
for 5 minutes, then stopper lightly, and cool as required. When filtered with 
suction through a Buchner funnel using a circle of Whatman paper, 7 cm. 
in diameter, the filtrate at first was usually cloudy but soon became clear. In- 
stead of being inserted into a glass tube in a suction flask (6), the funnel was 
placed through the stopper of a conical-shaped separatory flask bearing a capil- 
lary side tube near the top, and the outlet of this separatory flask in turn was 
inserted through the stopper of the suction flask. Suction was applied to both 
flasks. A piece of rubber tubing with a pointed tip was attached to the funnel. 
Cloudy solution that entered the separatory flask did not contact the glass except 
just above the stopcock and was removed at intervals into the suction flask by 
turning the stopcock. Soon a clear solution was obtained with a minimum of 
loss and was finally transferred to a Kavalier flask by detaching the suction 
flask and then turning the stopcock after closing the vacuum valve. 

When 20 gm. of soil was used with 20 ml. instead of 40 ml. of distilled water, a 
Gooch crucible containing a small circle of Whatman 42 filter paper was used 
instead of the Buchner funnel. The crucible was placed in a rubber ring on the 
rim of a glass funnel that was inserted into the top of the separatory or filter 
flask. A rubber tube, with pointed tip, was attached to the stem of the funnel. 
After the cloudiness of the filtrate ceased, the funnel and flask were cleaned, 
and the clear solution was collected with little loss. 

EFFECT OF IGNITION ON BORON DETERMINATION AND RECOVERY OF ADDED BORON 

Filtered solutions were made of refluxed suspensions of soil (20 gm. air-dried 
soil in 40 ml. distilled water), and the boron content was determined with and 
without the ignition of the organic matter. To each vitreosil casserole (with 
handle removed) in which the aliquot of the unknown solution was evaporated, 
was added 5 ml. of the calcium hydroxide suspension. Its addition to prevent 
the loss of boron during ashing was not found to be necessary by previous in- 
vestigators (12), but it was convenient to have the calcium present because, in 
acidifying the contents of the dish with the oxalic-HCl solution, the effervescence 
was a visible aid in making contact with the contents of the entire dish. 

It was essential to learn whether the ignition was accompanied by any loss 
of boron. Fisher burners were used without air entering the vents. Deter- 
minations of boron with ignition of the evaporated aliquot gave satisfactory 
values in most cases (table 1). When knowui and very small amounts of boron 
were added to the aliquots prior to the evaporation and ignition, recovery of the 
added boron was very satisfactory. 
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VAKIOUS FACTORS AFFECTING WATER-SOLUBLE BORON 

Effect of oven-drying soil samples and of long standing of suspensions in contact 

with soil 

A group of eight soils were selected from among a large number of collected 
citrus soil samples. As shown in table 2, considerably more boron was brought 
into solution at 65'^C. than at room temperature. A delay of 24 hours in filtering 
heated soil suspensions did not reduce the boron content of the filtrates of the 
heated suspensions to the level of the unheated ones (7). In some cases the 

TABLE 1 


Effect of ignition on the boron content (air-dry soil basis) of filtered soil suspensions and on 

the recovery of added boron 


SOLUTION 

SAMPLE 

BORON C 

No ignition 

:ONTENT 

Ignition 

SOLUTION 

SAMPLE 

BORON 
CONTENT 
WITHOUT 
ADDED BORON 

BORON ADDED 

BORON 

RECOVERED 

ml. 

p.p.m. 

p.p.m. 

ml. 

p.p.m. 

mgm. 

msm. 

5 


0.35 

' 4 

0.363 

0.0015 

0.00158 

5 

0.35 

0.35 










7 

0.31 

0.34 

6 

0,336 

0.001 

0.00079 

5 


0.35 

6 


0.0015 

0.00154 

7 

0.33 

0.34 

6 


0.002 

0.00192 

6 

0.27 

0.26 

5 

1.825 

0.002 

0.002 

5 

0.29 

0.24 










10 

0.33 


3 

0.373 

0.0015 

0,00147 






6 

0.34 


6 

0.345 

0.001 

0.0012 

9 


0.31 

6 


0.0015 

0.00168 

5 

0.30 

0.30 

10 

0.370 

0.001 

0.00109 

6 

0.31 

0 w 





7 

0.29 

u « ou 

0.29 





5 

0.30 






15 


0.28 





6 

0.30 

0.24 





6 

0.29 






5 

0.30 







heating of air-dried soils or of rewetted air-dried soils that were again air-dried, 
caused little change in the water-soluble boron whereas in others considerable 
change occurred. 


Effect of degree of cooling before filtration 

The suggestion sometimes is made that clarification may be facilitated by 
working with a warm solution. The refluxed soil suspensions used in table 3 
were cooled to various temperatures before filtration. The degree of cooling 
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TABLE 2 

Soluble boron (air-dry soil basis) in soil suspensions 
20 gm, of air-dry soil in 40 ml. distilled water 


LOCATION 

SOIL TYPE 

DEPTH 
OP SOIL 
SAMPLE 

SOLUBLE BORON CONTENT 

Air-dry soil 

Air-dry soil heated at 
100 °C. for 2 days and 
then air-dried 

Re-wetted air-dry soil 
(30 cc. distilled water 
and 100 gm. air-dry 
soil) dried at 100°C. 
for 2 days and 
then air-dried 

Suspension 
at 65“C. 
for 16 
hours 
followed 
by 24 
hours at 
laboratory 
tempera- 
ture 

Suspension 
40 hours 
at labora- 
tory tem- 
perature 

Suspension 
at 65^0. 
for 16 
hours 
followed 
by 24 
hours at 
laboratory 
tempera- 
ture 

Suspension 
40 hours 
at labora- 
tory tem- 
perature 

Suspension 
at 65°C. 
for 16 hours 
followed 
by 24 hours 
at labora- 
tory tem- 
perature 

Suspension 
40 hours 
at labora- 
tory tem- 
perature 



feet 

p.pM. 

P.pM. 

p.p.m. 

p.p.tn. 

p.p.m. 

p.pM. 

Oxnard 

Yolo loam 

0-1 

1.59 

1.00 

1.92 


2.09 

1.36 

T us tin 

Yolo loam 

2-3 

1.38 

0.84 

1.32 

0.76 

1.28 

0.68 

Tustin 

Yolo loam 

1-2 

0.94 

0,55 

0.94 

0.51 

0.98 

0.56 

Santa Ana. . , 

Yolo loam 

2-3 

1,60 

0.99 

1.69 

0.93 

1.62 

0.90 

Santa Ana. . . 

Yolo loam 


1.18 

0.64 

1.08 

0.55 

1.11 

0.56 

W. Ontario . . 

Hanford fine 

1-2 

0.57 

0.36 

0.44 

0.34 

0,39 

0.35 


sandy loam 








Santa Paula . 

Yolo sandy 

1-2 

1,91 

0.92 

1.73 

0.92 

1.57 

0.97 


loam 








Riverside — 

Hanford loam 

0-2 

0.31 

0.17 

0.35 

0.20 

0.44 

0.19 


TABLE 3 


Soluble boron in refluxed soil suspensions when cooled to various temperatures before filtration 
20 gm. of air-dry soil in 40 ml. distilled water 


LOCATION 

SOIL TYPE 

DEPTH 

OP SOIL 
SAMPLE 

WATER-SOL 
SOIL SUSPEl 
COOLED IN 

lOO^C. 

UBLE BORON 
STSION REPLtn 
BATH AT TEM 
AND PILI 

60*0. 

(air-dry so 
SED 5 MINUI 
PERATURE 1 
[■ERED 

40*C. 

IL basis); 
CES, THEN 
NDICATED 

20*C. 



feet 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Citrus Exp. Sta 

Hanford loam 

0-1 

0.48 

0.43 

0.43 

0.41 

Santa Paula 

Yolo sandy loam 

1-2 

3.54 

3.02 

2.50 

; 2.39 

Santa Ana 

Yolo loam 

1-2 

1.51 

1.27 

1.20 

1.24 

W. Ontario 

Hanford fine sandy 

1-2 

0.82 

0.95 

0.80 

0.72 


loam 






Tastily. : 

Yolo loam 

1-2 

1.43 

1.12 

1.11 

0.96 

Santa Ana. 

Yolo loam 

2-3 

2.87 

1.90 

1.80 

2.13 

Oxnard, 

Yolo loam 

0-1 

2.18 

1.86 

1.98 

1.72 

Tustin...... 

Yolo loam 

2-3 

2.23 

1.55 

1.72 

1.26 


before filtration has a varying effect on the water-soluble boron depending on 
the particular soil. In some cases the cooling temperature shows but little effect, 
whereas in others it is pronounced. 
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Effect of dilution and of pH 

Samples of soil were obtained, with one exception, from various citrus orchards 
and, after being air-dried, were passed through a sieve with mesh 1 mm. in 
diameter. In each case, 20 gm. of soil was used, and the distilled water addi- 
tions were 20, 40, 80, 100, 120, and 160 ml. The soil suspensions were refluxed 
at boiling temperature for 5 minutes and were cooled to room temperature before 
filtration. 

Sample 8 was obtained from a pasture near the Citras Experiment Station. 
The first ten soil samples then, with the exception of soil 8, are representative 
of the soils in excellent orchards. In contrast, sample 11 represents the upper 
16 inches of soil taken from an unthrifty navel orange orchard near Oroville and 
close to olive trees that responded to applications of boron to the soil (16). The 
citrus trees (16), however, have not as yet responded to the boron applications. 

TABLE 4 

Water-soluble boron in soils {air-dry soil basis) at various dilutions with distilled water 


WATER-S01.trBK.E BORON CONTENT (P.P.M.) WHEN VARIOUS AMOUNTS OE DISTILLED WATER (ML.) 
WERE USED WITH 20 GM. OE AIR-DRIED SOIL 



20 ml. 

40 ml. 

80 ml. 

100 ml. 

120 ml. 

160 ml. 


p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

p.p.m. 

Soiil 

0.66 

1.11 

1.50 

1.51 

1.55 

1.91 

2 ' 

■' " 0.77 

1.37 

1.72 

1.76 

1.94 

2.07 

3 

0.43 

0.38 

0.39 ^ 

0.51 

0.47 

0.58 

4 , ^ 

0.50 

0.74 

0.94 

1.05 

1.00 

1.17 


0.94 

1.71 

2.17 

2.34 

3.00 

2.97 

6 

0.64 

1.38 

1.93 

2.15 

2.35 

2.59 

7 

0.49 

0,76 

1.15 

1.05 

1.20 

1.38 

8 

0.22 

0.28 

0.37 

0.34 

0.39 

0.40 

9 

1.57 

1.74 

2.00 

2.13 

■ 2.18 

2.40 

10 

1.94 

2.73 

3.50 

4.19 

3.80 

4.14 

11 

0.08 

0,10 

0.15 

0.18 

0.18 

0.19 


From the data in table 4 it appears that as the dilution increases the water- 
soluble boron (air-dry soil basis) increases. The generally large increase in the 
water-soluble boron content as the dilution increases from 1 : 1 to 1 :2 (soil-water 
ratio), points the way for further investigations with moisture contents approach- 
ing those found under field conditions. 

When 20 gm. of soil sample 11 w^as refluxed 5 minutes at the boiling tempera- 
ture with 40 ml. of HCl (pH 3,0), the soluble boron (air-dry soil basis) was 0.11 
p.p.m. as compared with values of 0.10, 0.13, and 0.16 p.p.m. when distilled winter 
was used with various samples of this soil. The filtered acid solution had a 
pH of 6.73> When HCl (pH 1.1) was used, the pH of the filtered solution was 
2.08 and the soluble boron was 0.07 p,p.m. 

A sample was obtained in a nearby orchard that responded to the application 
of boroii to the soil. With 20 gm. of soil in 40 ml, of acid with the usual refluxing, 
cooling, and filtering, the following results were obtained: with HCl (pH 3.0) 
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the filtered solution showed a pH of 5.64 and a boron content (air-dry soil basis) 
of 0.08 p.p.m.; with HCl (pH 1.1) the pH of the extract was 2.14 and the boron 
content on the same basis was 0.07 p.p.m. The boron values obtained when 
distilled water was used were 0.12 and 0.14 p.p.m. respectively with two samples 
of soil. These values, for the orange as well as for the olive soil, showed a very 
low soluble boron content even when acid was used. These results are of interest 
because other investigators (18) have reported that if a soil is low in acid-soluble 
boron it is likely to be deficient in boron. A 1 per cent HCl solution was re- 
ported to extract one and one half to two and one half times as much boron from 
soil as did water alone (19). 

According to these studies with acids, the citrus trees in question should 
benefit from applications of boron, although no such benefit as yet has been 
evident (16) . It is possible that later some benefit may occur or that some other 
factor is preventing a response to the boron. If these citrus trees are not defi- 
cient in boron they approach such a condition, for navel orange leaves obtained^ 
June 25 from a tree in the untreated soil contained 9.4 p.p.m. water-soluble boron 
(dry-weight basis) and 12.5 p.p.m. water-insoluble boron, whereas another leaf 
sample obtained December 28 contained 3.8 p.p.m. water-soluble and 13.0 
p.p.m. water-insoluble boron. Healthy orange leaves at Riverside contained 
29 p.p.m. water-soluble and 14 p.p.m. water-insoluble boron. When 4 ounces 
of borax (applied February 19 of the year in which the leaf sample was obtained) 
was applied to the soil about a tree near the untreated tree, the leaves of June 25 
contained 76.7 p.p.m. water-soluble and 12.8 p.p.m. water-insoluble boron. 
When 8 ounces of borax was applied to the soil about a tree in December (1 year 
prior to the leaf sampling) the leaves contained 133.8 p.p.m. water-soluble and 
17.6 p.p.m. water-insoluble boron. Leaf symptoms in citrus do not seem to be- 
come evident until the water-soluble boron reaches a very low value. 

Not every citrus soiP in Butte County, where olives respond to boron applica- 
tions to the soil, is low in water-soluble boron. In a 40-year-old navel orange 
orchard on Aiken clay loam near Wyandotte, the water-soluble boron content 
of the soil (air-dry soil basis) was as follows: 0 to 6 inches, 4.72 p.p.m.; 6 to 12 
inches, 2.97 p.p.m.; 12 to 24 inches, 2.10 p.p.m.; 24 to 36 inches, 1.78 p.p.m. 
respectively. In a 30-year-old navel orange orchard on Redding gravelly 
loam near Thermalito, the water-soluble boron content of the soil on a similar 
basis was: 0-6 inches, 2.78 p.p.m.; 6-12 inches, 2.37 p.p.m.; 12-24 inches, 2.10 
p.p.m.; and 24-30 inches, 3.28 p.p.m. respectively. 

One soil in a declining avocado orchard was used in a test of the effectiveness 
of acid in setting boron free. With 20 gm. of soil, from a depth of 0-12 inches, 
in 40 ml. HCl (pH 3.0) and treated as usual, the filtered extract showed a pH of 
5.91 and 0.28 p.p.m. of soluble boron as compared with 0.28 p.p.m. when dis- 
tilled water was used; when HCl (pH 1.1) was used, the filtrate had a pH of 1.85 
and contained 0.14 p.p.m. of soluble boron. Similarly for soil from the 12 to 

1 Soil and leaf collections were made through the kindness of C. E. Scott and H. P. 
Everett. 

2 Through the kindness of H. P. Everett, farm advisor for Butte County . 
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24 inch, depth: with HCl (pH 3.0) the filtrate had a pH of 6.32 and contained 
0.37 p.p.m. of boron (air-dry soil basis) as compared mth 0.46 p.p.m. when 
distilled water was used; with HCl (pH 1.1) the values were pH 2.48 and 0.34 
p.p.m. In this soil, which was heavy and very nearly impervious, an increased 
acidity failed to increase the soluble boron (air-dry soil basis). No boron-defi- 
ciency s}miptoms were evident in the tree growth, although the water-soluble 
boron content of the dry matter of the leaves was 2,36 p.p.m. and the water- 
insoluble content 11.88 p.p.m., both relatively low values for avocado leaves. 

The use of sulfur on Yolo loam in a Valencia orange orchard near Tustin in 
Orange County should be referred to because of its bearing on water-soluble 
boron. Ten years ago in this large orchard, three rows of trees ^vere selected 
and in all three rows, beginning at one side of the orchard, sulfur was applied 
to the soil in the tree square. The first third of the trees in the rows received 
sulfur at the rate of 60 pounds applied in t-wo lots to the soil of each tree square. 
By the same procedure, the second third received 80 pounds, and the last third 


TABLE 5 

pH values and water-soluble boron content of citrus soil 


SULFUR APPLIED 
TO THE SOIL 

(tree square) 

DEPTH OF SOIL 
SAMPLE 

MOISTURE PER- 
CENTAGE OF SOIL 

(air-dry soil 

basis) AT TIME 

OF SAMPLING 

pH AT THE FIELD 
MOISTURE 
CONTENT 

pH AT 1 to 5 
SOIL-WATER 
RATIO 

WATER-SOLUBLE 
BORON CONTENT 

(air-dry soil 
basis) 

pounds 

feet 

Per cent 

pB 

pH 

p.p.m. 

{ 

0-1 

23.9 

6.97 

8.25 

1.99 

0 

1-2 

24.8 * 

7.10 

8.82 

1.06 

i 

2-3 

24.2 1 

7.18 

8.92 

0.63 

r 

0-1 

17.9 

6.90 

8.31 ^ 

4.26 

100 j 

1-2 

20.6 

7.17 

8.16 

2.25 

i 

2-3 

22,9 

6.98 

8.51 

0.61 


received 100 pounds of sulfur per tree square. Ten years after the applications 
were made, the trees in the three rows tower above the remainder of the orchard, 
whatever the factors involved may be. Soil samples taken 10 years after the 
treatment was applied, show, as seen in table 5, very little difference in the pH 
values at the field moisture content, whereas at the 1 to 5 soil-water ratio the 
pH values show less alkalinity below the first foot of soil where sulfur had been 
applied. The water-soluble boron contents were slightly more than double the 
values for the untreated soil at comparable depths down to the third foot, in 
which the values were practically identical in the treated and untreated soil. 

Changes in soluble boron content on standing 

Three soils were used to determine whether the soluble boron content changed 
upon long standing of the suspension in contact mth the soil. Twenty grams of 
soil and 40 ml. of distilled water were refluxed at boiling temperature for 5 min- 
utes. When cool, the first suspension was filtered and showed 1.74 p.p.m. water- 
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soluble boron (air-dry soil basis). A similar test, in which thymol was added 
when the suspension was cool, showed a water-soluble boron content of 1.65 p.p.m 
(air-dry soil basis) when the suspension was allowed to remain unfiltered for 3 


TABLE 6 

W aier-soluhle boron in soils of citrus orchards 
Boron in p.p.m., air-dry soil basis. Soil samples taken at 1-foot depth intervals* 



days. The second soil showed 2.73 p.p.m. when filtered upon cooling; with 
thymol added and the suspension left unfiltered for 3 days, the soluble boron 
was 2.84 p.p.m. on a similar basis. The values for the third soil were 0.76 and 
0.65 p.p.m. respectively when filtered upon cooling and after standing unfiltered 
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for 3 days. The filtered thymol-containing solutions after standing 4 more days 
showed 1.60, 2.64, and 0.64 p.p.m. respectively on the usual basis. Thus no 
striking changes took place when the solutions were left standing in contact with 
the soil after refluxing, provided that the action of organisms was excluded. 

A large number of boron determinations were made upon filtrates, portions of 
which were tested directly after filtration following the cooling to room tem- 
perature, whereas other portions were tested after standing in stoppered flasks 
for several days, with and without thymol. Without thymol in the cooled sus- 
pension, many of the filtrates decreased in boron content or remained steady; 
with thymol, the values remained steady. Though the solubility of the boron 
may decrease (7) when the soil is allowed to remain for some time in contact with 
the solution, it appears likely that organisms ma 3 ^ be largely responsible for the 
changes.' 

Water-soluble boron in citrus soils 

Samples of soil at various depths were obtained in representative orchards 
in the principal citrus areas of southern California. Most of the soils (columns 
1-9 inclusive, table 6) were air-dried and passed through a sieve with mesh 1 
mm. in diameter, and a few- (columns 10 and 11, table 6) \vere dried at lOO^C. 
for 2 days before being sieved (see table 2). The suspension, consisting, of 20 
gm. of soil in 40 ml. of distilled vrater, w’as refluxed at boiling temperature fbr 5 
minutes and cooled to room temperature before filtration. The turmeric method 
was used to determine the boron, which was calculated on an air-dry soil basis. 

Table. 6 shows the water-soluble boron in the soils. The data in th0 first two 
columns are for orchard soils in w^hich the water-soluble boron decreases with 
increasing soil depths. In the third column are the soils in; which ^ the water- 
soluble boron increases mth increasing depths. In columns 4 to 9 inclusive^ are 
the data that show no particular trend with changing soiL depths. The data 
in colunans 10 and 11 are for soils from areas particularly high in boron and in 
which growth difficulties are often manifold. These soils =were collected at a 
considerable distance from the laboratory, and though drying them by heating 
shortly after sampling may have induced certain changes in their relationships, 
these changes probably were no greater changes than would have occurred had 
the samples remained undried for long periods. 

The data in table 6 give some notion regarding the range of water-soluble boron 
encountered in citrus soils in California. Water-soluble boron in Georgia soils 
ranged from 0.01 to 0.65 p.p.m., and in Illinois soils from 0.20 to 1.22 p.p.m. 
(6). The water-soluble boron in Hawaiian soils (17) decreased with increasing 
depths, and ranged from 0.4 to 3.2 p.p.m., the surface soils containing at least 
twice as much boron as the corresponding subsoils (5). 

■■ ■ SUMMARY 

Certain details of the turmeric method for boron determination were exaipined 
in order to ascertain wffiy the method, which is accurate for very small amounts 
of boron; has not given greater satisfaction when used by some investigators. 
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All solutions, chemicals, or materials involved in the production of the colored 
residue, must be as nearly boron-free as possible. No such requirements are 
involved in the subsequent preparation of this residue for photometric measure- 
ment. The purity of the alcohol for the turmeric suspension and the quality of 
the paper for its filtration (unless centrifuging is used) require special attention. 
Satisfactory results were obtained when the temperature of the bath used for 
obtaining the colored residue was electrically controlled and the period for evap- 
oration made comparable in each case. The importance of including a blank 
with every set of unknowns is pointed out. 

Clear filtrates of cool soil suspensions were readily obtained without rewarm- 
ing the suspensions. Ignition of the organic matter in filtered soil suspensions 
was carried on at low temperatures without appreciable loss of boron and did 
not interfere with the satisfactory recovery of small amounts of added bofon. 

The heating of soil suspensions brought into solution more boron than that 
found in unheated suspensions kept for a similar period. The long standing of 
suspensions heated then cooled did not lower the soluble boron to the level of 
that of unheated suspensions. 

The oven-drying of air-dried soils or of rewetted air-dried soils that were again 
air-dried, caused little change in the water-soluble boron content in some cases 
and considerable change in others. 

The degree of cooling of heated soil suspensions before filtration, in some 
cases, materially affected the water-soluble boron values obtained. 

As dilution in the soil suspensions increased, the water-soluble boron (air-dry 
soil basis) increased. This indicates the need of additional investigation of the 
soluble boron at field moisture percentages. 

The application of sulfur to orchard soil resulted in increased water-soluble 
boron even after a lapse of 10 years. 

An Aiken soil from olive and citrus areas near Oroville, showed no increased 
boron solubility when acid was used instead of distilled water in making the soil 
suspensions, and yet the olive trees alone have thus far responded to the appli- 
cation of boron to the soil. Other citrus soils near Oroville were found to contain 
large amounts of water-soluble boron. 

Some of the citrus soils of California, like Hawaiian soils, showed a decreasing 
water-soluble boron content with increasing depths, but in a relatively few 
there was an increase with increasing depths and in most there was no definite 
trend. 

Citrus soils in California were found to be generally well supplied with water- 
soluble boron, and in certain areas the concentrations were excessive. 
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It is now recognized that K occurs in the soil in water-soluble, exchange, 
fixed, and primary-mineral forms. No sharp lines of division occur between these 
forms, each merging gradually into the one following or preceding it in the list. 
When fertilizers carrying K are applied to the soil, the element changes from the 
water-soluble to the exchange form and, if not utilized by plants, it may become 
fixed by the soil colloids in a nonexchange state. For any given soil type, the 
extent to which fixation occurs depends upon the K level of the exchange com- 
plex, the higher this level, the greater being the fixation.^ 

The main soil source of K for replacing that removed from the exchange com- 
plex by plant roots and drainage waters is the primary minerals. The amount 
of K in this reserve form is so large in comparison with that in the other three 
forms that the possibility of its release has long excited the curiosity of soil 
chemists. The rate at which, it will become available to plants might be expected 
to be somewhat in proportion to its quantity, but such generalizations have not 
been found to be dependable in agricultural practice. 

In connection with a detailed study that is now being made, on a profile basis, 
of 20 of the most important New Jersey soils, ^ it seemed desirable to give further 
consideration to the rate of liberation of the K that is contained in these soils in 
primary-mineral and fixed forms. Instead of depending upon chemical methods 
of extraction, however, it was decided to subject representative samples of these 
soils to the continuous action of plant roots, analyzing both the tops and the 
roots for their K content. It was recognized, of course, that plant species differ 
in their capacity to extract nutrient elements from the soil. It was also appre- 
ciated that moving a soil from the field to the greenhouse materially alters the 
conditions within it. But it was thought that it should be possible to obtain 
values that would be of use in arriving at a decision concerning the relative K 
requirements of these soils. 

OUTLINE OF EXPERIMENT 

Large samples of the A horizons of the 20 soils were obtained from typical 
areas and prepared, by passage through a 4-mesh screen, for greenhouse use, 

^ Journal Series paper of the New Jersey Agricultural Experiment Station, Rutgers 
University, department of soils. 

2 The authors wish to thank S. D. Gray, Northeast Manager of the American Potash 
Institute, for many helpful suggestions during the course of this study, and the Institute 
for partly financing the project. 

s DeTurk, E, E., Wood, L. K., and Bray, E. H. 1943 Potash fixation in corn belt soils. 

^ The locations from which these soils were taken have been recorded, and the records 
are available in the department of soils. 
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Two-gallon pots, with solid bottoms, were used as containers, 18 pounds of field- 
moist soil being placed in each pot. Each soil was adjusted to its calculated 
optimum moisture content^, and was then allowed to stand for several days to 
attain uniformity of distribution of the water. At the end of that period, the 
soils were tested by feeling between the thumb and forefinger, and adjustments 
were then made in the moisture supply of those that did not seem to be at their 
optimum. The actual dry weight of soil (105° C.) was determined for each pot. 

The lime-requirement to pH 7.0 was calculated for each soil, and 100-mesh 
dolomitic limestone was added as needed to adjust the soils to that value. The 
limestone and the supplemental fertilizer materials were thoroughly mixed with 
each lot of soil before it was placed in its pot and before any water w'as applied. 
Borax was added at the rates of 5, 10, and 20 pounds per acre® to the sand, 
sandy loam, and the remaining soils, respectively. These rates of application 
were in conformity with evidence obtained in other studies dealing with Ca-B 
relationships in these soils. 

Of the ordinary fertilizer materials, only superphosphate and muriate of potash 
were used. A standard application of 4 gm. 20 per cent superphosphate, equiva- 
lent to approximately 200 pounds available P 205 per acre, was made to the soil in 
each pot. The experimental variable was K, which was added at rates of 0, 340, 
and 680 mgm. K per pot®. The K treatments were approximately equivalent to 
100 and 200 pounds K 2 O, respectively, per acre. 

Alfalfa was chosen as the experimental crop because it is a vigorous-growing 
perennial that thrives under greenhouse conditions and collects its own N. 
Thirty seeds of the Hardistan variety were planted in each pot on August 10, 
1942, The plants were thinned to ten per pot on September 8, and to four uni- 
form plants on September 28. 

At regular intervals throughout the experiment, the original weight of each pot 
of moist soil was restored by the addition of water. These intervals were weekly 
in the summer and biweekly in the winter. A uniform quantity of water was 
added to all pots between these intervals, whenever the condition of the soils or 
plants seemed to indicate the need for it. At each regular watering the pots w^ere 
rotated on the benches in such a manner as to have all of them subjected to as 
nearly identical light and other conditions as possible. 

The first crop was harvested December 22, 1942, and six other crops on Febru- 
ary 26, April 6, May 11, June 10, July 15, and August 23, 1943. An eighth crop 
was harvested October 15 from the pots of Collington, Dutchess, and Penn soils, 
but the data on these extra crops are not included in this article. At the end of 
the experiment the roots were screened from the soil, washed, dried, and weighed. 

Each treatment was triplicated. Since there were 20 soils and three rates of 

® Fifty per cent of its moisture-holding capacity by the Hilgard method. 

® The term ^‘acre” as used in this article refers to 2 million pounds of air-dry soil. 

Reeve, E., Prince, A. L., and Bear, F. E. 1944 The boron needs of New Jersey soils. 
N. J. Agr. Exp. Sta. Bui. 709. 

f These three rate-of-K series of pots are known as the No-K, 1-K, and 2-K series, re- 
spectively. 



POTASSIUM-SUPPLYING POWERS OF SOILS 


141 


K applications for each soil, 180 pots were involved. The produce of each pot 
was oven-dried and weighed separately, but the triplicates were combined before 
being milled for analysis. Similarly the soil of the triplicate pots was combined 
and mixed before being sampled for final laboratory examination. The chemical 
analyses in this report, therefore, are for combined triplicate samples, whether 
of soils or crops. 

The soils were analyzed for total K, exchange capacity, exchange-cation con- 
tent, and pH values, both at the beginning of the experiment and at its conclusion. 
Determinations were made of the amounts of K in each crop and of the Ca and 
Mg content of composited samples® of the seven crops. Certain other analyses 
were also made on these composites, but with them this article is not concerned. 

RESULTS AND THEIR INTERPRETATION 

The analytical data for the 20 soils as they came from the field, and before they 
were treated with the liming and fertilizing materials, are shown in table 1 . Also 
included in this table are the pH values of the soils and their content of exchange 
K at the end of the experiment. It will be noted that the total K in the original 
soils varied between 1.8 and 109 m.e. per 100 gm. soil. These quantities are 
equivalent to 0.07 and 4.26 per cent K, respectively. Assuming that the limiting 
factor in the series receiving no fertilizer K was a lack of this element, as it was 
designed to be^®, the highest-yielding soil on the basis of its content of total K 
should have been the Hagerstovm loam. Examination of table 2, however, in 
which the soils are arranged in accordance with their crop-producing powers 
without the use of KCl, reveals that the Hagerstown soil ranks 15th in the list. 
No correlation whatever was found to exist between the total-K content of these 
soils and their yielding capacity, although the Lakewood sand, the soil that was 
lowest in total K, was the least productive. 

The amount of K in the exchange form was a more reliable index to the K-sup- 
plying power of the soil, the highest yields (table 2) having been produced on the 
Dutchess, Collington, and Penn soils, containing 0.70, 0.48, and 0.40 m.e. 
exchange K, respectively, per 100 gm. soil, and three of the lowest four yields, on 
the Sassafras loamy sand, Sassafras sand, and Lakewood sand, containing 0.056, 
0,001, and 0.006 m.e. exchange K, respectively. 

When KCl was added at the rate of 200 pounds KsO per acre, the percentage 
increase in yield was least for the Dutchess, Collington, and Penn soils, and most 
for Sassafras sand and the Papakating and Lakewood soils. In general, the 
lower the yield of the soil under conditions in w^hich a deficiency of K was the 
experimentally designed limiting factor, the greater was the percentage increase 
in yield of the alfalfa plants following applications of KCl. 

® In compositing the samples, the quantities added from each harvest were proportioned 
to the average yield for that harvest, treatment by treatment and soil by soil. 

Plant-tissue tests during the course of the experiment showed no deficiency of P. 
Dolomitic limestone was used. Chemical evidence as to the adequacy of the other essential 
elements is lacking. 



142 


F. E. BEAB, A. L. PRINCE, AND J. L. MALCOLM 


Previous studies^^ had shown that an abrupt drop in yield of alfalfa tends to 
occur when the K content of the oven-dry top growth of the previous crop falls 
below 1 per cent, when its Ca content rises above 2 per cent, or when its Ca-K 
ratio exceeds 4:1. Using the first of these criteria, it was found that a lack of K 
was a critically limiting factor on the Gloucester, Hagerstown, and Whippany 
soils to which no K had been applied (table 3), beginning with the first crop, but 

TABLE 1 


pE values, exchange capacity*", exchange cations, and total K of original soils'\ and pH values 
and exchange K of soils at end of experiment 


SOIL TYPE 

pH VALUES 

i 

EX- 

CHANGE 

CAPAC- 

ITY 

ORIG- 

INAL 

i 

ORIGINAL EXCHANGE CATIONS 

TOTAL 
i K 
ORIG- 
INAL 

EX- 

CHANGE 

K 

1 end! 

Orig- 

inal 

Endt 

H 

Ca 

Mg 

K 




m.e. 

i m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

Dutchess shale loam 

7.2 

6.7 

14.8 

0.0 

15.3 

3.5 

0.700 

36.1 

0.125 

Collington loam 

4.7 

6.4 

15.9 

9.2 

4.5 

1.3 

0.482 

35.1 

0.181 

Penn silt loam 

4.5 

5.9 

19.8 

15.3 

0.4 

1.6 

0.407 

66.3 

0.315 

Washington loam 

4.6 

6.2 

11.3 

7.4 

1.6 

1.9 

0.169 

53.7 

0.086 

Hoosic loam 

6.9 

7.0 

11.4 

1.3 

8.1 

1.0 

0.141 

65.2 

0.118 

Sassafras loam 

4.5 

6.0 

7.5 

7.0 

0.4 

0.4 

0.231 

32.1 

0.095 

Dover loam 

7.3 

7.0 

14.0 

0.0 

9.6 

3.5 

0.222 

57.9 

0.146 

Bermudian silt loam. ...... 

6.1 

6.0 

13.2 

2.9 

! 6.4 

3.4 

0.180 

57.2 

0.171 

Colts Neck sandy loam 

4.2 

6.8 

9.9 

7.1 

0.2 

0.3 

0.127 

17.9 

0.081 

Lansdale silt loam. . 

4.6 

6.5 

13.0 

7.5 

3.3 

1.5 

0.359' 

38.3 

0.174 

Chester loam 

5.8 

6,9 

10.6 

5.6 

1.5 

1.1 

0.174 

76.7 

0.199 

Merrimac silt loam. 

4.4 

6.9 

10.2 

8.1 1 

0.03 

1.5 

0.133 

36.4 

0.078 

Fox gravelly loam. . 

7.4 

7.6 

8.5* 

0.0 

6.1 

3.1 

0.175 

64.9 

0.085 

Gloucester loam 

5.4 

6.1 

11.9 

5.6 

1.7 

0.6 

0.115 

57.9 

0.063 

Hagerstown loam 

7.7 I 

7.7 

16.5* 

0.0 

12.9 

4.2 

0.219 

108.7 

0.188 

Whippany silt-clay loam 

5.2 : 

6.2 

8.7 

4.4 

3.2 

1.5 

0.144 

42.5 

0.063 

Sassafras loamy sand. ....:. 

4.4 

6.5 

2.7 

3.0 

0.01 

0.00 

0.055 

32.5 

0.120 

Sassafras sand 

3.9 

5.5 

2.0 

1.9 

0.01 

0.00 

'0.001 

8.9 

0.000 

Papakating stony loam 

5.6 

6.6 

9.0 

3.8 

4.0 

0.7 

0.331 

44.3 

0.146 

Lakewood sand 

4.4 

5.2 

2.8 

2.4 

0.07 

0.07 

0.006 

1.8 

0.018 


* Exchange values are expressed as m.e. per 100 gm. soil. In those cases in which the 
exchange capacity is greater than the sum of the quantities of the exchange cations, the 
soils contained free carbonates. One milliequivalent K is equivalent to 0.0391 per cent, or 
782 pounds K per 2 million pounds soil. 

t With the exception of the Dutchess, Fox, Hagerstown, and Hoosic, these soils came 
from areas that were believed never to have been farmed. 

J These analyses were made on the soil of the 2-K series of pots. 

that it had not become critical on the Penn, Lansdale, and Chester soils at the 
time of harvesting the seventh crop. 

Ca determinations were made on the seven-crop composites from all three 
series of pots . These revealed (table 3) that the Ca content of the produce of the 

Hunter, A. S., Toth, S.J., and Bear, F.E. 1943. Calcium-potassium ratios for alfalfa. 
55:61^72. 
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No-K series of pots exceeded the critical 2 per cent on the Fox, Hagerstown, and 
Papakating soils, and that the Ca-K equivalent ratio exceeded the critical 4:1 on 
these three, and on the Hoosic, Gloucester, Whippany, and Sassafras (sand) soils 
in addition 

In order to estimate the rate at which the reserve K of these soils moved into 
the exchange form, calculations were made, the data from which are presented 
in table 4. The columns headed ^^Released by soiP^ show both positive and 

TABLE 2 

Total yield and K content of tops and roots of seven crops of alfalfa grown on 20 New Jersey 

soils with and without added K 

I WEIGHT OF TOPS 1 K IN TOPS 1 %VEIGHT OF SOOTS I X IN ROOTS 


SOIL SERIES- 

NoK 2Kt 2Kover No X 2K NoX 2X NoK 2X 
NoK 

gm. gm. per cent per cent Per cent gm. gm. per cent per cent 

Dutchess 68.5 66.5 - 3 1.35 1.78 22.7 30.4 0.24 0.45 

Coilington 58.2 63.9 10 1.95 2.41 15.7 14.2 0.37 0.54 

Penn 56.8 46.6 -18 1.40 2.01 24.8 18.7 0.61 0.80 

Washington 54.3 60.6 12 1.16 1.75 12.2 18.4 0.20 0.24 

Hoosic 51.8 62.5 21 0.92 1.55 10.8 15.7 0.23 0.38 

Sassafras 49.3 62.3 26 0.95 1.53 13.2 17.8 0.34 0.32 

Dover 45.1 50.2 11 0.97 1.59 12.3 20.3 0.20 0.41 

Bermudian 41.7 48.9 17 1.28 1.69 4.7 8.7 0.34 0.49 

Colts Neck 41.5 53.0 28 1.02 1.54 9.7 18.3 0.25 0.22 

Lansdale 40.8 52.8 29 1.23 1.71 5.9 10.2 0.35 0.82 

Chester 40.3 49.4 23 1.90 2.21 7.0 11.5 0.51 0.80 

Merrimac 33.4 50.9 52 0.94 1.60 6.7 16.0 0.24 0.39 

Fox 31.6 38.3 21 0.96 1.77 6.7 8.8 0.45 0.53 

Cdoucester 28.6 47.4 66 0.82 1.61 1.5 12.5 0.33 0.15 

Hagerstown 26.7 49.6 86 0.76 1.33 2.3 13.3 0.30 0.33 

Whippany 20.0 36.0 80 0.77 1.50 1.4 6.4 0.16 0,18 

Sassafras 17.1 28.7 68 0.91 1.95 1.9 9.3 0.31 0.55 

Sassafras 15.3 33.8 121 0.84 1.76 3.4 14.4 0.21 0.24 

Papakating 12.7 35.4 179 1.01 1.51 0.8 10.4 0.49 0.51 

Lakewood 10.8 31.3 190 0.85 1.79 2.2 11.3 0.20 0.35 


* All soils are arranged in the same order in all tables. This order was determined by 
the crop-producing power of the soils without the use of K, when all other factors were at 
an intended optimum. 

t 2 K indicates 680 mgm. K per pot or 200 pounds K 2 O per acre, in contrast to 1 K, where 
half this amount was used, and No K, where none was used. 

negative values, indicating both release and fixation. The Chester soil was out- 
standing in its capacity to continue to supply K, whereas the Papakating showed 
an extremely high fixation. Similarly the Coilington, Penn, and Bermudian soils 
released large amounts of K, whereas considerable fixation apparently occurred 
in the Dutchess, Hagerstown, and Whippany soils. 

The Ca-K equivaleut ratio may have been greater than 4:1 on some of the individual 
crops harvested from the other 13 soils, even though this was not true of the seven-crop 
composites. : 
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It will be noted that the amount of K removed with the crop was greatly in- 
creased by the 680-mgm. application of K that was made to each pot on the 2-K 
series (table 4). Over 60 per cent of the added K was recovered in the seven 
crops. This was more largely accounted for in the increased percentage K in the 
harvested crop (table 2) than in the increased yield resulting from the use of KCl. 
Thus the average increase in the amount of K per unit of produce for the 2-K 
series of pots was a little over 60 per cent, whereas the average yield-increase was 
slightly less than 30 per cent. The K content of the first three crops was espe- 

TABLE 3 


Percentage of K in seven successive crops of alfalfa without added K, crop after which lack of K 
became limiting f actor , and Ca content and Ca~K ratio of seven crops 


SOIL SERIES 

CROP 1 

CROP 2 

CROPS 

CROP 4 

CROP S 

CROP 6 

CROP 7 

COMPOSITI 

Ca 

S 7 CROPS* 

Ca-K 

ratio 

Dutchess 

1.75 

2.18 

1.55 

1.25 

l.ost 

0.93 

0.82 

[ percent 

1 1.53 

2.2 

Coilington 

2.38 

3.44 

3.21 

1.92 

.1.31 

1.26t 

0.97 

I 1.08 

1.1 

Penn 

1.45 

2.02 

1.60 

1.33 

1.04 

1.07 

1.13t 

1.49 

2.1 

Washington 

1.59 

1.71 

1.17t 

0.99 

0.91 

0.74 

0.82 

1.44 

2.4 

Hoosic 

1.33 

l.ist 

0.96 

0.71 

1 0.74 

0.76 

0.70 

1.96 

4.2 

Sassafras 

1.46 

1.43t 

0.99 

0.85 

0.65 

0.67 

0.75 

1.58 

3.2 

Dover 

1.23 

1.28t 

0.99 

0.78 

0.73 

0.82 

0.75 

1.84 

3.7 

Bermudian 

( 1.48 

1.88 

1.45t 

0.84 

0.78 

1.09 

1.02 

1.64 

2.5 

Colts Neck. 

1.02 

1.45t 

0.96 

1.00 

0.71 

0.77 i 

1.07 

1.62 

3.1 

Lansdale 

1.43 

1.42 

1.04 

1.17 

1.02 

1.20 

1.03t 

1.86 

3.0 

Chester 

1.98 

2.81 

2.68 

1.74 

1.38 

1.52 

1.28t 

1.62 

1.6 

Merrimac 

1.34 

1.17t 

0.92 

1.03 

0.53 

0.53 

0.93 

1.52 

3.2 

Fox 

1.18 

1.51 

1.12t 

0.74 

0.82 

0.67 

0.72 

2.08 

4.2 

Gloucester. ...... 

O.SOf 

0.88 

0.96 

0 64 

0.73 

0.56 

0.97 

1.70 

4.1 

Hagerstown 

0.73t 

0.70 

0.69 

0.70 

0.79 

0.86 

0.96 

2.19 

5.6 

Whippany 

0.91t 

0.97 

0.70 

0.79 

0.54 

0.55 

0.65 

1.76 

4.5 

Sassafras 

l.llt 

0.99 

0.86 

0.85 

0.76 

0.76 

0.79 

1.71 

3.7 

Sassafras 

1.06t 

0.73 

0.97 

0.75 

0.71 

0.43 

0.64 

1.88 

4.4 

Papakating 

1.18 

1.09t i 

0.92 

0.96 

0.56 

0.76 

! 0.00 

2.32 

4.5 

Lakewood 

1.13t 

0.94 

0.83 

0.73 

0.68 

0.69 

0.60 

1.44 

3.3 


* Ca~K equivalent ratios in composite of seven crops harvested from No-K series of pots, 
t Ls-st successive crop containing at least 1 per cent K, a critical lower limit for the 
element in alfalfa. 


cially Mgh on the 2--K series of pots, reaching four times the critical 1 per cent in 
one case. 

The rate of release of reserve K from the soil was reduced and the degree of 
fixation increased by applications of KCL This is shown in the smaller positive 
and larger negative values for the 2-K series of pots than for the No-K series, as 
can be seen by comparing the data in the two columns headed ''Released by 
soiF’ in table 4. 

The individual-crop yield records for the 2-K series of pots are shown in table 
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5. As previously indicated, the seed was soMui in September and, as a result, the 
first growth of the alfalfa was somewhat dwarfed because of the short daj's at that 
season of the year. Nevertheless, the weight of alfalfa harvested per crop per 
unit area of the better soils was not far different from that occurring in the field 
during the regular growing season. Thus 10 gm. oven-dry produce on these pots 
was equivalent to approximately 3000 pounds hay per acre^^ and the total yield 
of the seven crops of the 2-K series on the Dutchess shaly loam, the highest- 

TABLE 4 


Original and final amounts of exchange K in soils * K removed hy tops and roots of seven crops 
of alfalfa, and K released or fixed hy soil 


SOIL SERIES 

no-K series pots 

2-K SERIES POTS 

Original 
in soil 

Removed 
by crops 

Final in 
soil 

Released 

bysoilf 

Original 
in soil 

Removed 
by crops 

Final 
in soil 

Released 
by soilt 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

DutchessJ 

1863 

1009 

407 

-447 

2543 

1385 

333 

-825 

CollingtonJ 

1257 

1260 

482 

485 

1937 

1694 

473 

230 

PennJ 

1148 

994 

626 

472 

1828 

1135 

889 

196 

Washington 

467 

: 655 

122 

310 

1147 

1102 

237 

192 

Hoosic 

418 

499 

385 

466 

1098 

1025 

349 

276 

Sassafras 

721 

513 

225 

17 

1401 

1005 

297 

-99 

Dover 

627 

473 

384 

230 

1307 

893 

412 

-2 

Bermudian 

460 

548 

401 

489 

1140 

867 

437 

164 

Colts Neck 

369 

447 

236 

314 

1049 

857 

1 236 ' 

44 

Lansdale 

967 

519 

394 

-54 

1647 

987 

: 469 

-191 

Chester 

488 

800 

484 

796§ 

1168 i 

1183 

558 

573 

Merrimac 

385 

330 

162 

107 

1065 

876 

226 

37 

Fox 

512 

333 

181 

2 

1192 

727 

247 

-218 

Gloucester 

329 

238 

20 

-71 

1009 

781 

180 

-48 

Hagerstown 

567 

210 

259 

-98 

1247 

702 ^ 

487 

-58 

Whippany 

373 

156 

13 

-204 

1053 

651 

163 

-339 

Sassafras 

157 

160 

111 

114 

837 

609 

344 

116 

Sassafras 

0 

137 

0 

137 

680 

630 

0 

-50 

Pap abating 

937 

132 

261 

-544 

1617 

585 

414 

-618 

Lakewood 

19 

96 

10 

87 

699 

600 

57 

-42 


* Expressed as milligrams per pot of soil, or the produce thereof, 
t Plus values mean release; and minus values, fixation. 
t Eight crops were harvested from these soils. 

§ Equivalent to 235 pounds K 2 O per acre^ 

yielding soil, was equivalent to 20,000 pounds hay per acre. That of the Sassa- 
fras loamy sand, the lowest-yielding soil, was, however, only 8600 pounds. 

The application of 200 pounds K 2 O per acre, represented by the 2-K series of 
pots, delayed for about two crops the drop in the K content of the alfalfa to 1 
per cent. Thus the average number of the crop at which this critical percentage 
K developed was 3 for the No-K series of pots (table 3) and 5 for the 2-K series 
(table 5). The amount of K removed from the soil of the 2-K series of pots at 

Calculated on a 90 per cent dry-matter basis. 
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TABLE 5 

Yield per pot^ seven successive crops of ctlfdlfci on 2-K treolTnent pots, crop after which lack of K 
became critical, and K removed to that point 


SOIL SERIES 

Chop 1 

CROP 2 

CROP 3 

CROP 4 

CROP S 

CROP 6 

CROP 7 

LIMIT* 

CROP 

NtlMBER 

Kt 

REMOVED 


gvn. 

gm. 

gm. 

gm. 

gm. 

gm. 

gm. 


mgm. 

Dutchess 

7.8 

8.5 

10.2 

10.0 

11.5 

8.1 

10.4 

6 

1086 

Collington 

7.1 

8.3 

9.9 

10.5 

12.5 

7.8 

7.8 

7 

1541 

Penn 

7.0 

7.0 

7.8 

7.6 

7.5 

4.9 

4.8 

7 

935 

Washington 

7.4 

7.9 

9.4 

8.8 

11.6 

8.5 

7.0 

5 

910 

Hoosie 

7.3 

8.9 

9.7 

9.7 

10.8 

6.8 

9.3 

5 

820 

Sassafras 

7.3 

7.7 

1 9.0 

9.3 

10.2 

9.1 

9.7 

5 

794 

Dover 

; 6.2 

7.9 

8.5 

7.9 

7.6 

5.1 

7.0 

6 

752 

Bermudian 

6.5 

7.2 

7.5 

8.6 

6.6 

6.2 

6.3 

4 

627 

Colts Neck 

5.8 

7.7 

8.6 

8.5 

9.0 

6.3 

7.1 

6 

754 

Lansdale 

7.7 

7.7 

10.0 

! 8.0 

7.0 

6.1 

6.3 

5 

773 

Chester 

5.0 

6.1 

8.4 

8.1 

8.9 

6.5 

6.4 

7 

1091 

Merrimac 

6.2 

6.2 

8.2 

8.1 

8.5 

7.2 

6.5 

4 

638 

Fox 1 

4.2 

4.4 

5.5 

7.2 

6.8 

4.1 

6.1 

7 

681 

Gloucester 

6.0 

7.3 

8.9 

8.3 

8.2 

5.0 

4.7 

4 

597 

Hagerstown 

5.6 

5.7 

7.5 

7.9 

7.9 

7.9 

7.1 

4 

465 

Whippany 

2.8 

3.7 

4.4 

6.2 

7.9 

6.2 

4.8 

4 

370 

Sassafras 

2.9 

4.4 

4.5 

4.7 

4.7 

3.1 

4.4 

7 

558 

Sassafras 

3.5 

5.2 

6.2 

6.8 

5.5 

3.1 

3.5 

4 

498 

Papakating 

4.2 

4.6 

5.4 

5.8 

5.3 

4.5 

5.6 

4 

387 

Lakewood 

2.9 

4.0 

5.9 

6.5 

5.5 

3.2 

3.3 

5 

504 

Average! 

5.7 

6.5 

7.8 

7.9 

8.2 

6.0 

6.4 




* Last of successive crops containing 1 per cent or more K. 

t Amount of K removed from soil by alfalfa before a lack of this element became a critical 
factor in growth of plants. 

J The averages, at first, indicate the lengthening of the days and, later, the decreasing K 
content of soils. 


TABLE 6 

Grouping of 20 New Jersey soils in relation to K needs* 


GREATEST 

MARKED 

MODERATE 

LEAST 

Lakewood sand 

Sassafras loam-sand 
Hagerstown loam 
Merrimac silt loam 
Colts N eck s . loam 
Pox gravelly loam ! 

Lansdale silt loam 
Sassafras loam 
Floosie loam 

Chester loam 
Washington loam 

Dutchess shale loam 
Bermudian silt loam 
Dover loam 

Penn silt loam 
Collington loam 

Whippany si. cl. loam 
Sassafras sand 

Gloucester loam 

Papakating stony loam 


* * The need of these soils for K fertilizers is in the order shown, the one at the top of each 
column having the greatest need for K, and the one at the bottom the least. 


this point ranged between 370 and 1541 mgm. per pot, equivalent to approxi- 
mately 110 and 450 pounds KjO per acre, respectively. 
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In evaluating the data shown in tables 1 to 5, incluvsive, for the purpose of 
classifying the A horizons of the 20 soils in relation to their need for K in fertilizer 
form, three criteria were employed. These were the content of exchange K in 
the soils as they came from the field, the response of the alfalfa when K applica- 
tions were made to them, and the extent to which their reserve K was released for 
plant use. Using these criteria, the soils have been arranged into four groups, 
as shown in table 6. 

It is apparent that the rating for any given field of any one of these types of 
soil might well be higher or lower than is indicated by the classification, depend- 
ing upon the treatment it has received at the hands of the operator. Thus the 
position of the Dutchess soil is probably not what it would have been if a virgin 
sample of that soil had been studied. Records on the field from which that sam- 
ple was selected show that it had received about 60 tons of manure per acre during 
the 10 years just previous to the time the soil was chosen for study. This 
particular location was selected because of other research work in progress on 
that field. 

The same applies to the Fox, Hagerstown, and Hoosic soils, although to a much 
less extent, since these three soils were chosen from fields that showed less evi- 
dence of good management within recent years. The ratings of all 20 soils are 
tentative, however, and may have to be changed when further evidence has been 
accumulated. 

SUPPLEMENTAL OBSERVATIONS 

Although the A horizon materials used in these tests were only the top portions 
of the profiles of these soils, they represent that portion in which young plants 
get their start and from which the major part of their mineral-nutrient supply is 
derived. This is especially true of short-season annual crops, but it applies to a 
surprisingly large degree to perennials as well. 

The average exchange capacity of the A horizons of these 20 soils at the time 
they came from the field was greater by 1.7 m.e. per 100 gm. soil than it was at 
the end of the experiment. This suggests rapid oxidation of organic matter as a 
result of the thorough aeration the soils underwent during their period of prepara- 
tion for use in the pot tests. The lowering of the exchange capacity was greatest 
in Penn silt loam. 

Some limiting factor or factors operated in those members of the group whose 
productivity rating placed them at the bottom of the list, otherwise the addition 
of KCl should have raised the yields of these less productive soils to a point ap- 
proaching those of the soils at the top of the list. Even with the 2-K treatment, 
however, the four lowest yielders produced only about one half as much alfalfa as 
the four highest yielders. A series of other studies are being made to determine 
what these limiting factors are. 

Except for the Collington and Penn soils, the weight of roots was greatly in- 
creased by K applications. Under field conditions, this extra K in the roots 
might well be an important factor in determining the length of life of the alfalfa 
stand.' V: 
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The fact that alfalfa tends toward luxury consumption of K, having the capac- 
ity to take up several times as much of the element as is required for maximum 
yields, indicates that repeated use of smaller amounts of KCl during the plant’s 
period of growth may be more effective than one large application at the time of 
seeding, particularly on the sandier types of soil. It seems probable that the 
yields of those soils with a low exchange capacity would have been materially in- 
creased if the total amount of K applied had been divided into as many applica- 
tions as there were crops harvested. This is being investigated as one of the 
possible factors limiting yields on such soils. 

Fixed K is not permanently lost to plants, but constitutes a different type of 
reserve from that in the primary-mineral form, being more readily available to 
the crop in time of need. It should be kept in mind that this experiment was 
conducted in the greenhouse, and the benefits from winter resting of the soils 
were not realized. Thus, under field conditions, a good bit of the fixed K would 
probably have been released for use by the first crop of each new season. 

Under practical farming conditions, the amount of K stored in the exchange 
complex is determined not alone by the inherent nature of the soil, but by the 
farmer’s soil-management program. Nevertheless, the relative ratings of most 
of these soils should hold in practice, if identical systems of management were 
being applied to all of them. Thus a Collington soil can always be expected to 
have a considerably greater capacity to yield the necessary K to plants than a 
Sassafras soil of the same class under the same system of management. 

SUMMARY AND CONCLUSIONS 

This study had for its purpose the evaluation of the A horizons of 20 important 
New Jersey soils in relation to their capacity to ^deld their reserve K to the alfalfa 
plant. The alfalfa was grown through seven successive crops under greenhouse 
conditions in which the experimentally designed limiting factor, in the first series 
of pots, was a lack of This deficiency was partly or totally eliminated in the 
second and third series of pots by applications of KCl equivalent to 100 and 200 
pounds K 2 O, respectively, per acre. 

The total and exchange K were determined on the soils as they came from the 
field and after the seven crops of alfalfa had been harvested. Analyses for K 
were made of the crops, as harvested, and of the roots, at the end of the test. 
The Ca and Mg contents of the soil exchange-complex and of the harvested crops 
were also determined. From the data thus obtained, calculations were made of 
the amounts of K released by the several soils during the course of the experiment. 

The data verified the previously known fact that the most reliable index to the 
capacity of a soil to supply K to the crop is not its total content of the element 
but the amount that exists in the exchange f orm . It was shown , however, that the 
soils studied vary enormously in their capacity to renew the exchange supplies 
from their reserves of K. Some soils, of which Chester loam was the best ex- 
ample studied, continued to release large amounts of K throughout the period of 

A few of these soils naturally contained adequate amounts of available K, but in most 
of them a lack of it limited the growth of the alfalfa. 
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CHEMICAL AVAILABILITY 

With but few exceptions, whenever the unmodified term “available” has been 
employed in reference to elements of plant food, the designation has been based 
upon chemical considerations only. In the interpretation of |>lant”growth tests 
or other tests wherein differences in the performance of a nutritive element in 
carriers of various chemical compositions are observed, it is customary to say 
that the element is “available” in different degrees, in the different carriers, and 
to ascribe the variation to known or supposed differences in molecular com- 
position, solubility, nature of ions produced, and, perhaps in some instances, 
even molecular structure. These characteristics are all of a chemical nature; 
even solubility, although classed as a physical property, derives from chemical 
properties, since it depends upon the molecular relations of water to other sub- 
stances. 

There is, however, another type of circumstance, not derived from chemical 
considerations, which also plays a part in determining the availability of sub- 
stances to plants. This category embraces effects due to the location of the 
material with respect to the feeding portion of the root system. Since influences 
of this kind upon the effectiveness of a substance in plant nutrition depend upon 
the positional relations between the plant and the substance, Spencer and Stew- 
art, in 1931 (12), proposed the term “positional availability.” In the results 
of numerous experiments on fertilizer placement there is evidence that the posi- 
tional factor does operate, and in many instances to a degree that is of practical 
importance. Reports of greenhouse investigations by Gile and Carrero (5, 6), 
Auchter (2), Spencer (13), and McMurtrey (9) present evidence of a more fun- 
damental nature bearing on the same question. 

In anticipation of reporting studies dealing with the positional factor, Spencer 
and Stewart were confronted with the question of how to designate this factor. 
If a plant-food element is chemically bound in such a way as to render it suitable 

1 Contribution from the soils department, Nevada Agricultural Experiment Station; 
published with the permission of the director. 

2 During the progress of the work herein reported, which was done in 1938, the junior 
author was employed in this laboratory by the Monsanto Chemical Company, of St. Louis, 
Missouri, under a research fellowship granted to this department by that company. The 
authors gratefully acknowledge the jSnancial assistance given by the company, and the 
helpful cooperation afforded by Carroll A. Hochwalt, of the Thomas and Hochwalt Lab- 
oratories, Dayton, Ohio, Research Division of the Monsanto Chemical Company, during 
this and other work under the fellowship . 
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for nourishing n plant, but is out of reach of the feeding roots, can it properly 
be considered unavailable to the plant, or should some other term be used? 
Along with “unavailable,’’ those authors considered “unreachable” and “inac- 
cessible,” but chose “unavailable” as seemingly the most appropriate. One 
of the denotations of the word “available” given in Webster’s New International 
Dictionary® is “at disposal; accessible or attainable.” It is, therefore, as proper 
to say that an element may be available or unavailable depending upon its posi- 
tional relation to the plant, as it is to use the same terms in reference to the 
chemical nature of the substance carrying the element. But since the unquali- 
fied term “available” does not distinguish betw^een the chemical and positional 
factors, both of which are involved in availability in its complete sense, the more 
specific expressions “chemically available” and “positionally available” were 
adopted. 

From the foregoing it is clear that the authors mean to express, by “chemical 
availability,” essentially what has long been and is now generally implied by 
“availability,” a term that has now and again been recognized as vague (4, 7, 
10). An exhaustive discussion of the meaning of “availability” is not essential 
to this report; but a few points should be mentioned briefly, to indicate what the 
authors mean by “chemical availability” and how they employ the term in 
interpreting the experimental results. 

1. The Neubauer test, as used in these experiments, is considered as furnishing an indi- 
cation of relative chemical availability only, and is not viewed in the light of measuring 
either the total amount of a chemically available plant-food element in the soil or a frac- 
tional amount of more limited definition, such as ‘‘quickly available,’^ or the like. 

2. It is the plant-food element itself — and not an ion, or any substance containing the 
element— which is considered as possessing chemical availability. 

3. Ordinarily, a soil test deals with a soil as a whole, and not just certain fractional parts 
of it. Any natural soil, the authors assume, contains a given plant-food element in various 
chemical forms. There are probably many such forms which are unknown, both as to quan- 
tity and chemical make-up. In any event, unless at least one of all the forms present is 
positively known to have given up none of the element w^hatever to a plant or an extracting 
solution, then all the forms must be recognized as possibly having contributed in some de- 
gree to the result of the test. Hence it is all of the element in the soil, lumped together and 
considered in the aggregate, which is referred to in speaking of the chemical availability. 

4. Emphasis is placed upon the range in chemical availability. A Neubauer phosphorus 
value, for instance, as a rule has no meaning if considered entirely alone ; its significance lies 
in how it compares with some other value. Among values obtained from a number of un- 
treated soils, for example, any one of them is of interest only in regard to where it fails with- 
in the considerable range covered by the group. 

5. As is indicated under point 3, it is a soil’s total content of a plant-food element, con- 
sidered collectively as regards the various forms containing it, of which chemical availability 
is viewed as an attribute. This applies to any untreated soil; and of course, in the last 
analysis, to any treated soil as well. In the case of treated soils, however, it is always 
desired to compare different treatments, or one treatment with no treatment. Most soil 
tests give determined quantities of the element, as the basis for comparison; and if the quan- 
tity obtained from the treated soil is greater than that from the untreated, the difference 
is commonly assumed to be some of the element added in the treatment. On that assump- 


3 Second edition, unabridged; G. and C. Merriam Co.; 1935. 
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tioD; it is permissible to speak of the chemical availability of the element in the carrier, as 
distinguished from that native to the soil, as long as the conclusion about it is limited to the 
soil used and other conditions of the test. The chemical availability of the element in 
diiferent^carriers will vary, just as in the case of untreated soils; and here, too, the primary 
concern is not what a given value is, in an absolute sense, but its relative position in the 
range of values. 

OBJECT, AND CERTAIN REQUIREMENTS, OF THE EXPERIMENTS 

In a previous report, Spencer and Stewart (12) advanced the hypothesis that 
the availability of applied phosphorus might be increased by improving the 
positional relation of the phosphorus to the root system, through use of a soil- 
penetrating type of organophosphate. The proof or disproof of the validity 
of that hypothesis must await the results of field experiments in which penetrat- 
ing and nonpenetrating phosphates are compared. As a rule, only in the field 
can root systems develop normally in configuration and extent, and therefore 
field studies provide the only adequate means of evaluating the practical effects 
of the positional factor in availability. But in any case, no benefit through in- 
creased positional availability could be expected unless the phosphorus applied 
in the penetrating form possessed good chemical availability also, for penetration 
could avail nothing if that which had penetrated were not then able to nourish 
the plant adequately. 

It is thus desirable to determine the chemical availability of the phosphorus in 
various soil-penetrating forms which might be employed in the field in attempts 
to achieve more efficient performance of applied phosphorus through its deeper 
permeation of the soil mass. That was the object in these experiments. In 
this work, the chief interest centers not in organophosphates in general, but in 
those which have appreciable penetrative power. The data presented include 
results obtained with monoethyl calcium phosphate, and also its acid salt. The 
monoethyl ester has thus far shown little capacity for soil penetration, but as 
it is present in appreciable quantity as a coproduct with diethyl calcium phos- 
phate (a good penetrator) in the ^^crude calcium ethyl phosphate’^ also reported, 
the chemical availability of its phosphorus is of interest. 

In this project one of the major purposes, toward the achievement of which 
the determination of chemical availability is only one of the necessary steps, is 
to determine the effects of positional relations between applied phosphate and 
plant under natural (field) conditions. Certain of these relations, in the field 
situation, depend upon movement of the phosphate through the soil. It was 
therefore essential to make the chemical availability tests under the conditions 
of soil-phosphate contact, for during such contact chemical changes undoubtedly 
occur, both to organic and inorganic phosphates, which do not take place when 
a phosphate is tested in a nutrient solution or in a medium of pure quartz sand. 
Use of either of the last two mediums might, then, give an erroneous picture of 
what to expect in the way of chemical availability in the field. 

It was also considered that a plant-growth test, rather than any test based 
on the behavior of chemical reagents, affords the best means of estimating the 
chemical availability of a nutritive element. As has been shown by Thornton 
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(14) and others, the Neiibauer method is well adapted to a problem of this kind; 
hence this method was chosen. 

EXPERIMENTAL 

Equipment for making Neubauer tests 

A constant-temperature room^ was built in the laboratory, for growingNeu- 
bauer cultures. The wails, floor, and ceiling were insulated both with rock 
wool and with dead-air spaces. The approximate inside dimensions are: length, 
12 feet; width, 6 feet; height, 7 feet. The room stands parallel to the south 
wall of the building, and 6 feet from it. In this building wall are two large 
windows, close together, which admit strong diffused light, but not direct sun- 
light, into the constant-temperature room through a long, double-sashed window. 
For Neubauer cultures, the light thus admitted has proved excellent. The walls 
and ceiling are painted white. 

The room is equipped with a refrigeration unit, heating strips, and a humi- 
distat, so that temperature and humidity are automatically controlled. Near 
the ceiling, in one corner of the room, a fan operates constantly through the 
cooling unit and heater strips, against a baffle so placed that the air current is 
directed against the windowq and thus not directly over the cultures, which are 
accommodated on a bench 33 inches wide running the full length of the room on 
the side away from the window. Fresh air from out of doors is brought into the 
room through a S-inch duct passing through the east walls of both the building 
and the constant-temperature room; for use in cold w^eather, this duct contains 
a heating unit controlled by a thermostat. At another location in the same wall 
of the room, a small blowrer evacuates air into the laboratory through a 2-inch 
duct, and thus draw^s in the fresh air through the 3-inch duct. The temperature 
can be held constant to dr F. 

Procedure for Neubauer tests 

The procedure in preparing and growling the cultures was that given by Thorn- 
ton (14), with onl}" minor modifications. Registered Rosen rye seed® was used. 
The weight per one hundred seeds w^as kept constant at 3.07 dr 0.003 gm. Seeds 
were dusted with New^ Improved Semesan Jr.® The temperature was maintained 
at 70® dr i® F. Water w^as added to the cultures by weight, daily or as otherwise 
required. 

For phosphorus determination, the plant material was decomposed by wet 
oxidation with sulfuric and nitric acids, after which the analysis was completed 
according to the standard A,O.A.C. gravimetric method, 

^ This room was constructed in the fall of 1937 according to suggestions made to the 
authors by S. F. Thornton, at that time soil chemist in the Indiana Agricultural Experi- 
ment Station, Purdue University. The authors are indebted to Dr. Thornton for his kind 
assistance. 

® Purchased from G. C . and L. G. Hutzler, South Manitou, Michigan. 

s Manufactured by the Bayer-Semesan Co., Ine., of Wilmington, Delaware. 
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Experiment 1 

In this experiment, tests were made of the chemical availability of phosphorus 
in four inorganic and eleven organic phosphates in a single soil. The soil was 
obtained from an experimental plot area of the Division of Forage Crops and 

TABLE 1 


Inorganic and organic phosphates used in tests with Christiana soil from Beltsville, Maryland 


PHOSPHATE 


PHOSPHORUS 

No.* 

] 

Name ’ 

FOSMHXA 

Theoret- 

ical 

Found 




per cent 

per cent 


Inorganic phosphates 


1 

Treble superphosphate (Anaconda) 



20.65 

2 

Calcium metaphosphate, TVA ^^443-A 



26.93 

3 

Fused rock phosphate, TVA 



12.32 

4 : 

Sintered phosphate : 



16.17 


Organic phosphates 


5 

Calcium glycol phosphate 

CsI-LOsPCa 

17.30 

16.96 

6 

Calcium glucose-3-phosphate 

CeHiiOsPCa 

10.41 

10.14 

7 

Monoethyl calcium phosphate 

C2H504PCa 

18.88 

18.43 

8 

Diethyl calcium phosphate 

C8H2o08P2Ca 

17.91 

17.91 

9 

Triethyl phosphate 

CoHisOjP 

17.03 

17.18 

10 

Monoethyl calcium acid phosphate 

C4Hi208P2Ca 

21.35 

21.18 

11 

Mixture (50-50) of monoethyl and diethyl 
calcium phosphates 



18.10 

12 

Mixture (50-50) of diethyl calcium phosphate 
and monoethyl calcium acid phosphate 



19.50 

13 

Calcium salt of phosphates of sugars in 
blackstrap molasses 



6.24 

14 

Crude “calcium ethyl phosphate’’ 


.... 

17.70 

15 

Mixture (50-50) of monomethyl and dimethyl 
calcium phosphates 



18.40 


* Phosphates 6 and 6 were prepared in this laboratory, by methods previously reported 
(8, 12). For phosphate 2, the authors are indebted to W. H. Macintire, of the Tennessee 
Agricultural Experiment Station; for phosphate 4, to K. D. Jacob, of the Division of Fer- 
tilizer Research, U. S. Department of Agriculture; for phosphate 3, to the Tennessee Valley 
Authority; and for phosphates 7 to 15 inclusive, to the Monsanto Chemical Company. 
Phosphate 1 was purchased from the Anaconda Copper Mining Company. 

Diseases, Bureau of Plant Industry, U.8. Department of Agriculture at the 
Beltsville Research Center, BeltsviUe, Maryland.^ It is of the Christiana type; 
was taken from the surface to a depth of 7 inches; and has a pH of 7.7. 
Information about the phosphates used is given in table 1. Number 14, the 

’’ The authors are indebted to Mason A. Hein, of the Division of Forage Crops and Dis- 
eases, for supplying this soil. 
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crude “calciiiin ethyl phosphate/’ contained both monoethyl and diethyl cal- 
cium phosphates ; both are formed during the process which was used in prepar- 
ing a large batch of the product for field experiments. This product contained 
about 26 per cent of the diethyl salt. 

The phosphates alone were applied to the soil; i.e., nitrogen and potassium 
were not included in the treatments. In all cases, phosphate was added in an 
amount which supplied 5.3 mgm. of phosphorus to each Neubauer culture. 


TABLE 2 


Uptake of phosphorus in Neubauer tests with Christiana soil treated with inorganic 
and organic phosphates 


PHOSPHATE 


No. 

Name 

O-day 

6-day 

18~day 

30-day 


(No treatment) 

mgm. 

10.5 

mgm. 

11.1 

mgm. 

11.2 

mgm. 

11.0 


UPTAKE OP P BY CULTURES PLANTED AFTER 
VARIOUS PERIODS OF PHOSPHATE-SOIL 
CONTACT 


Inorganic phosphates 


1 

Treble superphosphate 

12.2 

13.1 

13.2 

12.6 

2 

Calcium metaphosphate, TVA ^443-A 

11.9 

12.9 

13.2 

12.9 

3 

Fused rock phosphate, TVA 

11.5 i 

13.1 

13.2 

12.3 

4 

Sintered phosphate 

11.7 

13.3 

13.2 

12.3 


Organic phosphates 


5 

Calcium glycol phosphate 1 

12.2 

13.0 

12.8 

12.3 

6 

Calcium glucose-3-phosphate 

11.9 

12.7 

12.4 

12.7 

7 

Monoethyl calcium phosphate 

12.1 

13.1 

12.9 

12.3 

8 

Diethyl calcium phosphate 

12.1 

13.2 

13.2 

12.7 

9 

Triethyl phosphate 

11.5 

11.8 

11.4 

10.9 

10 

Monoethyl calcium acid phosphate 

12.8 

13.1 

13.0 

12.9 

11 

Mixture (50-50) of monoethyi and diethyl 
calcium phosphates 

12.5 

13.5 

13.0 

13.0 

12 

Mixture (50-50) of diethyl calcium phosphate 
and monoethyi calcium acid phosphate 

12.4 

13.6 

12.9 

13.1 

13 

Calcium salts of phosphates of sugars in 
! blackstrap molasses 

11.2 

12.3 

12.0 

11.7 

14 

Crude “calcium ethyl phosphate’^ 

12.3 

13.1 

13.0 

12.8 

15 

Mixture (50-50) of nionomethyl and dimethyl 
calcium phosphates 

12.9 

13.0 

12.7 

12.5 


The experiment was designed to include a study of the effects of the added 
phosphorus after various periods of time in contact with the sod. The required 
amount of a particular phosphate was thoroughly mixed with a batch of the 
SOU sufficient for 16 cultures. (An exception was that the triethyl phosphate, 
a water-soluble liquid, was added to each culture individually, in water solution, 
at the time the 16 cultures w'ere made up.) The 16 cultures were then made 
up, in petri dishes, ready for planting. Four were planted immediately, giving 
quadruplicate tests for the “O-day” period of phosphate-soil contact. The re- 
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maining 12 cultures were moistened, and the dishes were tightly covered with 
waxed paper to minimize drying. From these, quadruplicate cultures were 
then planted after 6, 18, and 30 days respectively. 

The results from this experiment are given in table 2, in which each value is 
the average of quadruplicate tests. 

TABLE 3 


Soils used in testing the chemical availability of phosphorus in crude ‘^calcium ethyl phosphate^ ^ 
{Phosphate 16 ) and treble superphosphate hy the Neuhauer method 


NO.* 

NAME 

1 SOURCE, VICINITV OF 

j 

pH 

(glass 

elec- 

trode) 

1 

Woods town loam (Coastal Plain) 

New Brunswick, New Jersey 

6.5 

2 

Christiana 

Belts ville, Maryland 

7.7 

3 

Lisbon clay loam 

Des Plaines, Illinois 

5.2 

4 

; Wooster silt loam 

Wooster, Ohio 

4.7 

5 

Las Vegas loam 

Las Vegas, Nevada 

9.0 

6 

Cecil sandy clay loam 

Pickens, South Carolina 

5.7 

7 

Aiken loam 

Davis, California 

5.8 

8 

Yolo fine sandy loam (subsoil) 

Paradise, California 

7.2 


* The authors are indebted to the following individuals for supplying the soils indicated: 
1, Howard B. Sprague, of the New Jersey Agricultural Experiment Station; 3, J. P. McCol- 
lum, of the Illinois station; 4, J. H. Gourley, of the Ohio station; 6, Wrn. R. Paden, of the 
South Carolina station; and 7 and 8, John P. Conrad, of the California station. 

TABLE 4 


Neuhauer phosphorus values from various soils treated with treble superphosphate and crude 
calcium ethyl phosphate^’ respectively 


SOIL 

neubauek p values 

No. 

Name 

No 

treatment 

Treble 

superphos- 

phate 

treatment 

Crude 

“Calcium 

ethyl 

phosphate^ 

treatment 



mgm. 

mgm. 

mgm. 

1 

Woodstown loam (Coastal Plain) 

9.8 

11.3 

11.3 

2 

Christiana 

11.6 

13.9 

13.6 

3 

Lisbon clay loam 

13.9 

16.3 

16.5 

4 

Wooster silt loam 

11.2 

13.4 

12.3 

5 

Las Vegas loam 

13.8 

16.5 

16.5 

6 

Cecil sandy clay loam 

9.8 

10.7 

11.3 

7 

Aiken loam 

11.5 

13.9 

13.9 

8 

Yolo fine sandy loam (subsoil) 

11.3 

17.5 

17.1 


Experiments 

A second batch of the crude “calcium ethyl phosphate” had been prepared for 
field use, and the chemical availability of its phosphorus was tested in several 
soils. This phosphate (No. 16) was essentially the same as phosphate 14 used 
in experiment 1, and was given the same name, “'crude ‘calcium ethyl phos- 
phate’.” Its phosphorus content was 15.88 per cent. In this experiment, 
phosphate 16 and the treble superphosphate included for comparison were 
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used at the same phosphorus supplying rate and with the same procedure as 
was employed in experiment 1, except that each treatment was run in triplicate 
instead of quadruplicate. 

The soils used are listed in table 3. 

Table 4 gives the results of the tests. Each value is the average of three 
cultures. 

DISCUSSION 

Statistical treatment of results 

The nature of both experiments reported is such as to allow statistical treat- 
ment of the results by ''Student’s'' method for the determination of the sig- 
nificance of differences between means; and this method (11) was applied. For 
example, the average of the values for the 0-, 6-, 18-, and 30-day contact periods, 
for no treatment (table 2), is 11.0; the corresponding average for the treble 
superphosphate is 12.8. Pairing of the no-treatment value with the treble 
superphosphate value, for each contact period, and analyzing by "Student's” 
method gives a value for t of 17.294, which corresponds to a P value much lower 
thatn 0.01 . This indicates odds far greater than 99 to 1 that the average increase 
for the treble superphosphate is significant. In the analyses of the results, a 
mean difference is considered significant when P g 0.05. 

Results of experiment 1 

All four of the inorganic phosphates gave average values significantly higher 
than those from no treatment. There was no significant difference between 
any two of these carriers. 

Of the eleven organic carriers, ten gave average values significantly higher than 
those from no treatment. For one of the ten, however, (phosphate 13, the cal- 
cium salts of phosphates of sugars in blackstrap molasses), the increase was only 
0.85 mgm. P. This is definitely significant (P < 0.01), but is only about half 
the average increase for the other nine. 

Though the value for triethyl phosphate was slightly higher than that for no 
treatment, the difference was not significant. Conrad (3) has reported finding 
this phosphate toxic to milo. It appears that the more concentrated solutions 
of triethyl phosphate he employed added from 60 to 600 per cent more of this 
compound, per unit weight of soil, than was applied in the present tests. In 
these latter, there was no evidence of toxicity to the rye plants. A physical 
property of triethyl phosphate, its appreciable volatility, is of interest, how- 
ever, in this connection. It was found in this laboratory that percolates and 
other solutions containing this compound, taken for phosphorus analysis, must 
be made acid and refluxed thoroughly before evaporation, otherwise much of the 
phosphorus is lost. (Refluxing for 24 hours in 3 N HCl pro\md most effective 
and convenient.) Loss of the compound itself, by evaporation, is shown by the 
following test: A 50-cc. beaker containing a few grams of triethyl phosphate was 
weighed, then allowed to stand at room temperature, uncovered, for 50 days, 
during which time it lost 2.71 gm., or an average of 0.054 gm. (=9.3 mgm. P) 
daily. It is thus quite probable that some of this compound is lost from the 
soil in a Neubauer or pot culture, and this loss could affect the result. 
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Nine of the eleven organic phosphates gave average values not significantly 
different from one another and not significantly different from any one of the 
inorganic phosphates. 

The average uptake of phosphorus for all the inorganic forms during the four 
contact periods, is 12.7 mgm. per culture. For all eleven organic forms, the cor- 
responding average is 12.6 mgm., but if phosphates 9 and 13 are excluded (they 
are obviously in a lower bracket), the average is 12.8 mgm. This is identical 
with the individual average for treble superphosphate, the highest among the 
inorganic forms. 

The data in table 2 reveal an interesting behavior of the phosphates for the 
four contact periods. This is brought out in figure 1, in which the curves repre- 
sent the average performances of (a) the four inorganic phosphates, (b) the nine 
highest organic phosphates, and (c) no treatment, respectively; for the four 
periods. 



Period of phosph^Tc->$Qil contact before cuftureswere piarttod 

Fig, 1. Effect of Various Periods of Phosphate-Soil Contact on Chemical 
Availability of Phosphorus in Organic and Inorganic Carriers, When 
Added to Christiana Soil, in Neubauer Tests 

Perhaps the most noticeable feature of the behavior portrayed in figure 1 is 
the rather abrupt rise in phosphorus uptake shown by the tests for the 6-day 
over the 0-day period. Were this true only in the cases of phosphorus addition 
to the soil, it might appear to be due solely to chemical reactions between the 
added phosphates and the soil constituents. A similar rise, though not quite so 
great, is shown, however, by the no-treatment values. Why this is, the authors 
do not know. The conditions of temperature, moisture content, and other 
environmental factors, were the same for all the soil portions during the interval 
between the 0-day and 6-day plantings. Possibly these conditions w^-ere such 
as to improve the chemical availability of the native soil phosphonis, as well as 
that of the added phosphorus, during that interval . Another factor may have 
been responsible for, or may have contributed to, the abrupt rise; and that is the 
matter of light during the growth of the Neubauer cultures. Different average 
light conditions may have prevailed during the growth periods of the two sets 
of ''tests.; ,,, ■ , . 

For testing the significance of the difference bfetween an inorganic and an 
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organic phosphate average (such as those graphed in figure 1), ^^Student’s” 
method is not applicable; hence these differences, for the various contact periods, 
were tested for significance by another method given by Paterson (11, p. 18). 
The results show that in the Neubauer tests made immediately after the phos- 
phate and the soil were mixed, the organic phosphate values were significantly 
higher (P < 0.01); after 6 days there was no difference; after 18 days the inor- 
ganic phosphate values were significantly higher (P < 0.01); and after 30 days 
there was no significant difference. 

After 30 days, the chemical availability of the phosphorus in both types of 
phosphate had fallen somewhat below what it was on the sixth day, but in each 
case it was still significantly higher than it was at the start. 

It is obvious from this experiment that in the Christiana soil the chemical 
availability of phosphorus in nearly all the organic carriers used was quite as 
good as that of this element in the old standby, superphosphate, as well as in 
some of the newer inorganic forms. 

Results of experiment 2 

The soils used in experiment 2 cover a wide range in pH and other characteris- 
tics. The results (table 4) do not appear to show any consistent relationship 
between the pH of the soil and the uptake of phosphorus from it when treated 
with either of the phosphates. 

Both the organic and the inorganic phosphate induced highly significant in- 
creases in phosphorus uptake over no treatment, but the difference between the 
effects of the two phosphorus forms is insignificant (P > 0.4). 

Several of the organic carriers used in experiment 1 have very good penetrative 
power in the soils used in experiment 2.^ As the crude ^^calcium ethyl phos- 
phate’^ used in this latter experiment is well representative of these other organic 
carriers, from the chemical standpoint, it seems probable that their phosphorus 
would show as good chemical availability in this group of soils. 

The results from experiments 1 and 2 show the chemical availability of phos- 
phorus in several organic forms to be on a par with that in inorganic forms. 
In this respect the results are of the same character as findings reported by Alli- 
son, Pinck, and Sherman (1). With a few exceptions, those investigators used 
different phosphates and soils from those employed in the present study; but 
they, too, found that phosphorus in several organic forms is as readily used by 
plants as is inorganic phosphorus. Their data, calculated to the form shown in 
table 2, reveal that the average of all their Neubauer phosphorus values from 
six inorganic phosphates (where 4.3 mgm. P was added per culture), in the quartz 
sand and soils used, is 14.0 mgm, P, and the corresponding average for the ten 
organic phosphates is 14.2 mgm. P. 

Comparison of the present results with those of Allison, Pinck, and Sherman is 
of interest from another standpoint. Those workers supplied nitrogen and po- 
tassium to all cultures — a practice often considered essential, or at least desirable. 
In the present study, for certain reasons, this was not done; yet the increases in 
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phosphorus uptake, over no treatment, were essentially the same as were found 
by Allison, Pinck, and Sherman. As there was no particular phosphate-soil com- 
bination common to both investigations, specific comparisons are impossible. 
Both studies, however, covered a range of soils and of phosphates, and the rela- 
tive behavior of the rye plants, with and without the addition of nitrogen and 
potassium, is of interest. With these other elements supplied (1), the increase 
in phosphorus uptake, over no treatment, averaged 1.7 mgm. for all the inorganic 
phosphorus treatments, and 1.9 mgm. for the organic treatments. In com- 
parison, the results in the present study (no N or K added) for all inorganic 
phosphates averaged 1.8 mgm., and for all organics, 1.4 mgm. 

SUMMARY 

Why ^ ^chemical availability’’ is adopted as a substitute term for ^^avail- 
ability,” and the authors’ interpretation of its meaning and use, are discussed 
briefly. 

Neubauer tests of one soil treated with four organic and eleven inorganic 
phosphates, and of several soils each treated with one inorganic and one organic 
phosphate, show that the chemical availability of the phosphorus in nine of the 
eleven organic carriers is just as high as that in any of the inorganic carriers. 
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The flocculation of soil colloids has been studied by several workers from time 
to time. Russel (12) and Weigner (13) have tried to bring the flocculation of 
soil colloids in line with the coagulation and flocculation of soils in general. 

Puri (5) directed attention toward the influence of the nature of exchangeable 
bases present in a soil on the flocculation values for different ions and showed 
that the higher the valency of the exchangeable base, the smaller the flocculation 
value for a given electrolyte. Almost at the same time, Anderson (1) and Matt- 
son (2) independently came to a similar conclusion regarding the influence of 
exchangeable ions. 

Muller (3), on a purely theoretical basis, calculated that the smaller the radius 
of the particle, the higher must be the concentration of a given electrolyte to 
reduce its electrokinetic potential by a given amount. In other words, the 
smaller the size of particles in suspension, the greater will be the concentration 
of the electrolyte required for coagulating the suspension. 

It will be seen, however, that one particular aspect of the problem has not 
been studied so far. No attention seems to have been paid to the volume of the 
flocculated mass after it has completely settled. Soil is a polydisperse system. 
It consists of particles of all sizes. Even the conventional clay fraction (<0.002 
mm.) is not homogeneous but consists of particles of various sizes, starting from 
0.002 mm. and ending at a much finer size in the truly colloidal region. The 
contributions of the particles of the various sizes to the volume of the floe must 
vary with the size. The smaller particles in suspension, which contribute largely 
to the total surface presented by the dispersed phase, would probably also con- 
tribute largely to the volume of the floe. 

In the present paper attention is directed toward this problem in particular. 
The volume of the flocculated mass of clay suspensions, the contribution made 
toward this value by the particles of various sizes usually present in soils, and the 
variations produced by altering such factors as pH value, concentration, and time 
of aging are studied in detail. 

DEVELOPMENT OP THE TECHNIQUE 

In order to standardize the technique of determining floe volume of soils, 
preliminary studies were made of the effect of various factors, such as concentra- 
tion of clay suspension used, nature and concentration of flocculants employed, 
and time and speed of centrifuging required to produce a compact mass of the 
■floes. . 

Clay ( <0.002 mm.) was separated from 1 per cent soil suspensions dispersed by 
the HCl-NaOH method. For determining the floe volume, 4 cc. of the clay 
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suspension was always used. The chlorides of Ca, Ba, and A1 were found to be 
about equally effective as flocculants, and 1 cc. of 0.25 N solution was found to 
be enough even in the case of highly clayey suspensions. The chlorides of alkali 
metals, as expected, did not cause flocculation unless much higher concentra- 
tions were employed, and even then the effect was rather slow. The centrifugal 
machine used consisted of an ordinary ceiling fan having necessary attachments 
for holding three centrifugal tubes at a time and could be worked at the rate of 
620 revolutions per minute. The time of centrifuging was found to affect the 
values considerably at first, but after about half an hour no further decrease in 
volume took place, as maximum compaction and settling of floes had occurred 
by then. The procedure adopted for determining the floe volumes of soils was, 
therefore, as follows: A 1 per cent suspension was prepared, after maximum 
dispersion by the HCl-NaOH method, and clay was pipetted off in the usual way. 
Four cubic centimeters of the clay were put in the measuring tube, 1 cc. of 0.25 N 
Cads solution was added, and the suspension was centrifuged for half an hour. 
The volume of the settled mass was read directly from the measuring tube, which 
was calibrated accurately up to 0.01 cc. 


TABLE 1 

Mechanical analysis of soils P, C. 1$ A. T. and P, C. 245 A, T. 


SUMMATION PEECENTAGE UP TO DIAMETEK 


SOIL NUMBEE 

0.00004 

mm. 

0.000063i 

mm. 

0.0001 

mm. 

0.00025 

mm. 

0.0006 

mm. 

0.001 

mm. 

0.002 

mm. 

0.005 

mm. 

0.01 

mm. 

0.02 

mm. 

0,06 

mm. 

P. C. 13 A. T 

27,2 

30.7 

41.0 

49.2 

54.5 

57.7 

62.8 

75.7 

78.2 

82.91 

89.5 

P. C. 245 A. T 

9.8 

10.2 

12. 6i 

20.5 

28.6 

1 

30.1 

46.0 

61.2 

74.1 

84.4 

93.7 


The reliability of the values obtained by following the procedure outlined was 
tested on 12 soils by taking each soil in three separate lots and determining the 
volume of the floe in each case. The values obtained in all cases were almost 
identical. 


EFFECT OF pH ON FLOG VOLUME 

Two soils, P. C. 13 and P. C. 245, both acid-treated and free from exchangeable 
bases, were studied to determine the effect of the pH value on the floe volume. 
Mechanical and ultramechanical analyses of these soils were determined by the 
chainohydrometer (9) and the micropipette (10) methods respectively. The 
results are given in table 1. 

To 5“gm. portions of the acid-treated soils varying quantities of NaOH were 
added and the suspensions allowed to stand 24 hours, after which their pH 
values were determined. The suspensions thus obtained at different pH values 
were diluted to give a 1 per cent concentration, and their floe volumes were 
determined. The clay content was also determined in each ease. The results 
are plotted in figures 1 and 2. Both the floe volume and the clay content in- 
crease with the pH value, but whereas the clay content reaches its maximum 




FLOC VOLUME (C.C) 
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Fig. 2. Effect of pH Value on Clat Content and Floc Volume of Soil P. C. 245, Acid- 

Tbbatbd 


/ CLAY w OLAY 
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value at about pH 10.8 the floe at this point attains only a fraction of its maxi- 
mum value. In fact, the pH-floc^voIume curve becomes very steep at this pH 
and the increase in floe volume is continued to pH 11.6, after which it becomes 
constant. 

Puri and Lai (7) have shown that maximum dispersion in soils, as reckoned 
on the basis of conventional clay (<0.002 mm.), takes place at pH 10.8. The 
abrupt increase in the floe volume beyond this pH and its continued increase 
thereafter show that beyond this point further dispersion takes place. But as 
the clay content remains virtually constant at pH values higher than 10.8, it 
appears that it is the clay that is further subdivided into ultraclay particles at 
these high pH values. This second dispersion — that of clay into ultraclay — is 



Fig. 3. Relation Between Clat Percentage and Floc Volume of Soils 

completed at about pH 11.6, as beyond this value no increase in floc volume is 
noticed. It is only at this stage that soil is completely dispersed into its ultimate 
primary units. Further evidence on this point is offered in the succeeding 
part of this paper. 

The relation between floc volume and clay content is plotted in figure 3. For 
the same clay content, P. C. 13 soil gives a greater floc volume than does P. C. 245. 
The reason for this lies in the fact that P. C. 13 is much richer in ultraclay than 
P. C. 245 (table 1) and therefore a given amount of clay in P. C. 13 contains a 
larger number of finer particles than does the same amount of clay in the other 
soil. This obviously leads to the conclusion that size distribution in the ultra- 
clay region, rather than the clay itself, is mainly responsible in determining the 
floc volume. 
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For further evidence on this point, another set of experiments was undertaken . 
It has been shown (8) that a soil dispersed by different methods, though giving 
almost equal values for clay content, gives entirely different values for various 
sizes of ultraclay. For instance, the methods involving acid treatment yield 
much higher values for ultraclay than the other methods. In order, therefore, 
to decide conclusively whether it is conventional clay (<0.002 mm.) as a whole 
or the so-called ultraclay particles which are primarily responsible for the floe 
volume, three soils were dispersed by the HCl-NaOH method (4), the Na 2 C 03 - 
NaOH method (6), and the sand method- — ^in which the soil is shaken 24 hours 
with five times its weight of 1-mm. sand particles — a mechanical method of dis- 
persion which has been shown to give maximum clay content (11). The values 
for clay (<0.002 mm.), ultraclay (<0,0001 mm.), and the flocculated volumes are 
given in table 2. 

Although clay content is almost the same in every soil, irrespective of the 
method of dispersion, floe volume is different and so is ultraclay. As ultraclay 

TABLE 2 


Floe volume of soils when dispersed by different methods 


SOIL NUMBER 

CLAY BY DIFFERENT 
METHODS 

PARTICLES <0.0001 MM. 
BY DIFFERENT METHODS 

FLOC VOLUME BY 
DIFFERENT METHODS 

Sand 

method 

NaaCOa 

method 

HCl- i 
NaOH 
method 

Sand 

method 

Na2C03 

method 

HCl- 

NaOH 

method 

Sand 

method 

NasCOa 

method 

I HCl- 
i NaOH 
method 


per cent 

per ceni 

per cent 

per cent 

Per cent 

per cent 

cc. 

cc. 

cc. 

P. C. 13 A. T... 

53.9 

55.0 1 

57.5 

3,1 

8.1 

35.3 

0.06 

0.16 

0.42 

P. C. 123 A. T 

72.1 

76.0 

77.5 

2.0 

7.2 

11.2 

0.02 

0.12 

0.22 

P. C. 245 A. T 

37.8 ' 

39.0 

42.7 

1.3 

5.7 

6.2 

0.01 

0.10 

0.11 


increases when the soil is dispersed by the acid treatUient, so does the floe vol- 
ume. The discrepancy in the values of floe volume for the same values of clay 
content is so great that it is absolutely useless to attempt any correlation between 
conventional clay and floe volume. The correlation, if any, must be looked for 
in the percentages of particles of various sizes in the ultraclay region. It is not 
unlikely that the correlation will not depend on particles of any particular size 
but will rest with the whole size distribution in the region of ultraclay. 

In this connection, table 2 shows also that although P. C, 123 contains much 
more clay than P. C. 13, it gives a lower value for the floe volume. This is be- 
cause P. C. 13 is richer in the ultraclay fractions. 

EFFECT OP AGING 

During the course of these studies, it was discovered that the floe volumes of 
suspensions increased on standing. As the floe volume and ultraclay have 
already been shown to increase together, it is very likely that increase in floe 
volume with time is due to corresponding increase in the ultraclay content. 
Dispersion of clay into ultraclay in that case would be a rather slow process. 

The effect of aging was studied further on two soils, P, G. 13 and P. C> 142. 
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To 5-gm, portions of acid-treated soils, varying quantities of NaOH were added 
and the suspensions were shaken for 24 hours in the mechanical shaker. They 
were then diluted to 500 cc. in order to give a 1 per cent suspension, and their 
pH values were determined by means of the glass electrode. Thereafter the 
floe volume, clay content (<0.002 mm.), and percentage of ultraclay particles 
(<0.0001 mm.) were obtained. The determination of these values and of the 
pH values of all the suspensions was repeated after varying intervals of time. 
The results are given in table 3. 

TABLE 3 


Effect of aging of soil suspension* 


Pi 

rt 

S3 

» 

z 

55 

O 

W5 

s 

Pi 

p 

m 

O.liY NaOH added 

pH 

FLOC VOLUME 

CLAY CONTENT 

PARTICLES UP TO 
0.0001 MM.t 

2 hours 

26 hours 

65 hours 

90 hours 

7 days 

2 hours 

26 hours 

65 hours 

90 hours 

7 days 

2 hours 

26 hours 

65 hours 

90 hours 

7 days 

26 hours 

65 hours 

90 hours 

7 days 

1 CC. 1 



1 

1 


CC. 1 

cc. j 

cc. j 

cc. j 

[ cc. 

% 

% 

% 

% 

: ^ 

: 

% 

% 

% 










Soil P. C. 

IS A. 

T. 









1 

0.5 

7.1 

7.05 

6.95 

6.95 

6.95 

0.05 

0.07 

0.08 

0.08 

0.08 

9.8 

10.5 

11.2 

11.4 

11.4 

3.4 

4.7 

5.3 

5.4 

2 

1.5 

7.3 

7.10 

7.10 

7.1 

7.1 

0.08 

0.09 

0.12 

0.12 

0.12 

30.1 

32.2 

33.0 

33.0 

33.1 

5.6 

8.6 

9.7 

9.8 

3 

2.0 

9.0 

8.40 

8.3 

8,3 

8.3 

0.20 

0.30 

0.41 

0.43 

0.43 

40.2 

43.2 

43.1 

44.0 

44.2 

17.1 

26.3 

27.2 

27.3 

4 

3.0 

10.3 

9.40 

9.3 

. 9.3 

9.3 

1 0.30 

0.42 

0.49 

0.50 

0.50 

58.8 

59.0 

60.1 

60.2 

60.2 

25.1 

29.8 

30.1 

30.1 

5 

4.0 

ilO.7 

9.7 

9.6 

9.5 

9.5 

0.48 

0.65 

0.70 

0.70 

0.70 

64.0 

63.5 

63.6 

63.8 

64.0 

32.1 

36.5 

36.5 

36.6 

6 

5.0 

U.O 

10.0 

9.9 

9.8 

; 9.8 

0,55 

0.70 

0.72 

0.73 

0.73 

64.0 

64.0 

64.2 

64.2 

64.3 

34.1 

38.2 

38.5 

38.7 

7 

6.0 

11.4 

10.36 

10.2 

10.2 

10.2 

0.65 

0.73 

0.73 

0.74 

0.74 

64.0 

64,8 

65.0 

65.1 

65.1 

36.1 

38.3 

38.8 

oo 

oo 

CO 

8 

7.0 

11.5 

10.35 

10.2 

10.2 

10.2 

0.70 

0.76 

0.76 

0.76 

0.76 

64.8 

64.8 

65.1 

65.2 

65.2 

37.1 

39.1 

39,2 

39.8 

2 

8.0; 

U.O 

10.35 

10.3 

10.2 

10.2 

0.71 

0.76 

0.76 

0.76 

0.76 

64.6: 

65.0 

64.8 

65.2 

64.8 

37.2 

39.3 

40.0 

40.1 










Soil P. C. US A. 

, T. 









1 

0.6 

7.0 

6.90i 

0.85 

6.80 

6.80 

0.05 

0.07 

O.OS 

0.08 

0.08 

12.1 

12.3 

12.5 

12.7 

13.0 

4.1 

5.0 

5.1 

5.1 

2 

1.5 

7.6 

7.5 

8.4 

7.3 

7.3 

0.09 

0.12 

0.13 

0.13 

0.13 

25.7 

26.1 

26.7 

26.8 

26.8 

6.8 

8.2 

8.8 

9.6 

8 

2.0 

8.8 

8.3 

8.2 

8.1 

8.1 

0.20 

0.32 

0.39 

0.41 

0.41 

40.2 

40.3 

40.2 

40.3 

40.3 

16.1 

17.1 

25.1 

25.5 

4 

3.0 

9.2 

9.0 

8.9 

8.8 

8.8 

0.28 

0.38 

0.46 

0.48 

0.48 

50.1! 

51.1 

51.3 

52.0 

52.0 

20.1 

23.1 

28.1 

28.1 

8 

4.0 

10.8 

9.9 

9.7 

9.7 

9.7 

0.57 

0.62 

0.63 

0.63 

0.63 

62. Oi 

62.1 

61.9 

62.3 

62.5 

28.1 

30.1 

31.1 

31.2 

e 

5.0 

U.O 

10. 1 

10.0 

9.55 

9.65 

0.61 

0.65 

0.65 

0.66 

0.66 

62.8! 

62.4 

62.5 

63.0 

63.0 

30.0 

31.2 

31.2 

31.2 

7 

6.0 

11.2 

U.1 

10.0 

9.55 

9.55 

0.65 

0.68 

0.69 

0.69 

0.69 

63. 2i 

63.5 

63.5 

63.6 

63.6 

32.0 

33.0 

33.0 

33.1 

8 

7.0 

U.4 

10.3 

10.2 

10.1 

10.1 

0.65 

0.69 

0.70 

0.70 

0.70 

63.2 

63.1 

63.2 

63.2 

63.1 

33.2 

33.9 

34.0 

34.1 

9 

8.0 

Ul.5 

10.5 

10.2 

10.1 

10.1 

0.66 

0.69 

0.70 

0.70 

0.70 

63.0 

63.0 

63.1 

63.1 

63.2 

34.1 

34.6 

34.2 

34.2 


* Th© time of shaking, 24 hours, is not included. 

t As 24 hours^ settling time is required to allovs^ pipetting from, the minimum depth of 1 mm., the value for 2 hours 
could not be obtained. 


The following conclusions may be drawn: 

As far as coaventional clay is conceraed, the various suspensions at different pH values 
acquire stable structure soon after 24 hours^ mechanical shaking, for no appreciable increase 
in clay content is noticed up to 7 days' standing. Furthermore, the maximum dispersion 
on the basis of conventional clay is attained at pH 10.3-11.0. 

The ultraclay (<0.0001 mm.), however, continues to increase in all cases up to 65 hours' 
standing reckoned from the end of the 24 hours' mechanical shaking. This happens even 
in suspensions at pH values higher than 11, though the effect is less pronounced. This 
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shows that ultraclay requires not only higher pH values than 10.8 but also a longer time than 
the usual 24 hours shaking for complete dispersion. This will be readily understood if we 
assume that dispersion of soil takes place gradually, the coarser particles being resolved 
first, followed by the particles in the clay region, and then by those in the ultraclay region. 
After about 90 hours (including 24 hours of shaking), complete dispersion has taken place 
on the basis not only of conventional clay but also of ultimate primary particles in the truly 
colloidal region. Keeping the suspensions for a longer time than this does not produce any 
further change in ultraclay , and the suspensions acquire a comparatively permanent stable 
state. 

The floe volume, like ultraclay content, increases with time of standing. The increase 
continues for as long as 65 hours in suspensions at lower pH values, but for only 26 hours in 
more alkaline suspensions, although ultraclay in the latter case increases to a small degree 
up to 65 hours. This apparent discrepancy will be readily resolved by reference to figure 5, 
in which the effect of concentration of ultraclay on floe volume is plotted. It will be seen 
that beyond a certain limit of ultraclay, the floe volume tends to become constant. This 
aspect is discussed in a subsequent section of this paper. 

The pH value continues to decrease with time in all cases until it also becomes constant. 
This usually happens after 65 hours of standing, though the rate of fall gradually slows 
down. The explanation for the fall of pH value with time lies in the fact that the reaction 
between alkali, and the acidoid takes place very slowly, as the soil particles exist in aggre- 
gates and the reactions involved take place only at the surface. When these aggregates, 
on contact with alkali, are gradually resolved, first, into smaller aggregates and then into 
ultimate primary units, fresh surfaces become exposed and the reaction continues if enough 
alkali is present. This will continue until hydrogen in the exchange complex is completely 
replaced by sodium. No further fall in pH value will then take place. As the maximum 
dispersion can take place only when the acidoid is completely converted into sodium saloid, 
the ultraclay particles continue to increase with the progressive increase of sodium in the 
exchange complex and attain constant value only when sufficient alkali is kept in contact 
with the acidoid long enough to complete this reaction. 

CONTRIBUTION OF PARTICLES OP VARIOUS SIZES TO FLOC VOLUME 

Although it appears that ultraclay particles determine to a large extent the 
volume of the flocculated mass, it is of interest to find out whether coarser par- 
ticles also make a contribution toward this value and, if so, what is the magnitude 
of this contribution and at what particle size does it begin. 

Two H-soils, with differently shaped size-distribution curves, were selected 
and dispersed by the addition of NaOH to raise their pH value to 11.0 and by 
shaking mechanically for 48 hours. Particles of various sizes were pipetted 
after appropriate times of settling and their floe volumes as well as their sum- 
mation percentages were determined in the usual way. The results are given in 
table 4. It will be seen that particles coarser than 0.0001 mm. (10“^ cm.) do 
not make any material contribution to the floe volume. Particles finer than this, 
however, begin |o affect this value to an increasing degree. It is interesting to 
note that although P. C. 13 contains only 27 per cent of particles below 0.00004 
mm., these particles contribute 90 per cent toward the floe volume. 

In order to determine the floe volume of any silica that might have gone into 
solution as a result of alkalinity of the medium, the two suspensions were filtered 
by means of Houston’s pump and the floe volumes measured in the usual way 
by the addition of 1 cc. of 0.25 N CaCb to 4 cc. of the filtrates. The flocculated 
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TABLE 4 


Ultraclay as determined by the pipette method and by the flocculated volume method 


SOIL NUMBER 

ELOC 

VOLUME 

XILTRACLAY 

<10“5 cm. 

(0,0001 mm.) 

<10-6*2 cm. 
(0.000063 mm.) 

<10”5*'* cm. 

(0.00004 mm.) 

Pipette 

method 

Flocculated 

volume 

method 

Pipette 

method 

Flocculated 

volume 

method 

Pipette 

method 

Flocculated 

volume 

method 


CC, 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

116 

0.11 

6.9 

6.0 

4.0 

4.35 

3.1 

3.5 

117 

0.04 

3.2 

2.37 

1.7 

1.50 

1.2 

1.30 

118 

0.15 

8.3 

• 7.87 

5.2 

5.60 

4.5 

4.27 

119 

0.38 

20.2 

16.3 

11.4 

11.0 

9.1 

8.8 

120 

0.06 

4.0 

3.25 

2.5 

2.15 

2.0 

1.80 

121 

0.05 

3.6 

2.80 

2.5 

1.80 

1.7 

1.50 

122 

0.04 

3.0 

2.37 

1.6 

1.50 

1.3 

1.30 

124 

0.04 

2.9 

2.37 

1.5 

1.50 

1.4 

1.30 

125 

0.06 

4.5 

3.25 

2.5 

2.15 

1.8 

1.80 

126 

0.22 

11.3 

11.00 

7.4 

7.10 

6.1 

5.75 

127 

0.18 

10.0 

9.12 

6.0 

6.32 

4.9 

5.25 

128 

0.08 

6.2 

4.06 

2.5 

2.80 

2.2 

2.20 

129 

0.26 

13.3 

12.5 

8.7 

8.12 

6.8 

6.50 

130 

0.23 

10.8 

11.50 

7.5 

7.36 

6.0 

5.92 

132 

0.22 

9.7 

11.00 

7.2 

7.10 

5.6 

5.75 

133 

0.18 

7.8 

9.12 

5.8 

6.32 

5.0 

5.25 

134 

0.04 

2.5 

2.37 

1.4 

1.50 

1.2 

1.30 

135 

0.05 

2.60 

2.80 

1.5 

1.80 

1,2 

1.5 

136 

0.10 

6.0 

5.50 

3.3 

4.0 

2.8 

3.0 

137 

0.10 

5.8 

5.50 

3.2 

4.0 

2.65 

3.0 

138 

* 0.20 

9.1 

10.0 

6.1 

6.72 

5.7 

5.5 

,139 

. 0.08 

5.1 

4.06 

3.0 

2.8 

2.4 

2.2 

141 , 

. 0.42 

19.8 

18.00 

13.5 

12.7 

9.9 

9.7 

142 ■ ’ 

: 0.55 

31.1 

30.50 

22.1 

20.2 

15.8 1 

16.3 

■ 144 '^’"' 

6.13 

6.7 

7.0 

4.3 

5.0 

3.75 

4.2 

149 

0.27 

12.4 

12.8 

9.01 

8.40 

6.83 

6.66 

152 

. 0.06 , 

4.1 

3.25 

1.5 

2.15 

1.36 

1.80 

153 

0.14 , 

6.6 

7.50 

4.5 

5.30 

3.72 

4.50 

159 

. 0.13 

6.2 

7.0 

4.5 

5.0 

3.4 

4.20 

160 

,, 0.10 

5.1 

5.60 

3.9 

4.0 

2.5 

3.00 

163 

0.11 

5.2 

6.00 

4.0 

4.35 

2.9 

3.69 

165 

0.30 

14.0 

13.75 

9.4 

9.00 

7.1 

7.30 

166 

0.19 

9.8 

9.56 

6.3 

6.52 

5.2 

5.37 

167 

0,06 

3.0 

3.25 

2.1 

2.15 

1.6 

1.8 

168 

0.08 

3.3 

4.06 

2.6 

2.80 

2.0 

2.20 

169 

0.06 

2.9 

3.25 

2.2 

2.15 

1.8 

1.80 

172 

0.33 

15.0 

14.65 

9.8 

9.66 

7.7 

7.81 

173 

0.08 

3.2 

4.06 

2.6 

2.80 

2.13 

2.2 

175 

0.11 

5.3 

6.00 

4.1 

4.35 

3.0 

3.65 

177 

0.04 

2.5 

2.37 

1.8 

1.50 

1.51 

1.30 

181 

; 0.20 

9.7 

10.00 

6.8 

6.72 

5.6 

5.75 

182 

0.04 

■ 2 . 5 ' 

2.37 

1.7 

1.50 

1,5 

1.30 

183 

0.08 

3.5 

4.06 

2.5 

2.80 

2.3 

2.20 



PHYSICAL CHARACTERISTICS OF SOILS 


171 


TABLE 4 — Concluded 


SOIL NUMBER 

FLOC 

VOLUME 

ULTRACLAY 

<10-5 cm. 

(0.0001 mm.) 

<10-5-2 cm. 

(0.000063 mm.) 

<10-5-i cm. 

(0.00004 mm.) 

Pipette 

method 

Flocculated 

volume 

method 

Pipette 

method 

Flocculated 

volume 

method 

Pipette 

method 

Flocculated 

volume 

method 


CC. 

Per cent 

per cent 

Per cent 

Per cent 

per cent 

per cent 

184 

0.13 

6.3 

7.00 

4.5 

5.00 

3.5 

4.20 

221 

0.07 

4.6 

3.65 

2.5 

2.47 

1.7 

2.00 

222 

0.18 

9.5 

9.12 

6.0 

6.32 

5.1 

5.25 

223 

0.11 

6.6 

5.20 

4.2 

4.00 

3.1 

2.90 

224 

0.16 

10.0 

8.25 

5.7 

5.90 

4.7 

5.0 

226 

0.13 

6.2 

7.00 

4.8 

5.00 

3.2 

4.20 

227 

0.11 

7.0 

5.20 

4.4 

4.00 

2.9 

2.90 

229 

0.20 

11.0 

10.00 

7.2 

6.72 

5.2 

5.50 

230 

0.15 

8.2 

7.87 

5.1 

5.60 

4.5 

4.77 

231 ! 

047 

12.0 

8.68 

10.4 

6.11 

6.9 

5.12 

232 

0.17 

12.4 

8.68 

10.2 

6.11 
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mass was found to be absent altogether in P. C. 149. It had a negligibly small 
volume in P. C. 13, because of the presence of humus. 

EFFECT OF CONCENTRATION OP SUSPENSION ON FLOG VOLUME 

In order to study the effect of concentration on floe volume, four typical acid- 
treated soils were fully dispersed and clay was pipetted off in the usual way from 
1 per cent suspensions. Different dilutions of each clay were prepared by taking 
0.25, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4 cc. of the suspension and making to a 
volume of 4 cc. in each case with water. The floe volumes were determined as 
usual. The results are plotted in figure 4: 100 per cent concentration represents 
original clay without any dilution, 50 per cent represents the original clay diluted 
half and half with water, and so on. It will be seen from the results that floe 
volume does not increase in the same proportion as the concentration and that 
at a certain stage it becomes constant and quite independent of the concentra- 
tion. This fact may be attributed to the mutual compression caused by the 
particles. As the concentration of the suspension increases, the force of com- 
pression also increases because of the increase in number of particles occupying 
the same Space. 

In figures 5, 6, and 7, the same results are plotted on the basis of the three ultra- 
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clayfsizes (<0.0001, <0.000064, and <0.00004 mm.). The values plotted 
along the abscissas were obtained by dividing the percentages of various sizes 



Fig. 4. Effect op Concentration op Clay on Floc Volume op Soils 



Fig. 5. Eblation Between Floc Volume of Soils and Percentage op 
Particles <0.0001 MM. 

actually present in the soil by the number of times the clay was diluted. It will 
be seen that after a certain concentration of ultraclay particles is reached, the 
ioc volume becomes constant. 
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Furthennore, all four curves for each of the three particle sizes (figs. 5, 6, and 
7) have similar shapes. That all four curves for any particle size are not super- 
imposed is to be expected, as it has already been shown that particles <0.0001 



Fig. 6. Relation Between Flog Volume op Soils and Pehcentagb of 
Pakticles <0.000063 mm. 



Fig. 7. Relation Between Flog Volume op Soils and Percentage of 
Partigles <0.00004 mm. 
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mm. do contribute to the floe volume, and when any two soils contain the same 
summation percentage of particles <0.0001 mm. diameter, it does not neces- 
sarily imply that their sizje distribution curves for various fractions below this 
size will be alike. The dotted curve in each figure was obtained by plotting 
mean values of ultraclay particles corresponding to various floe volumes. The 
mean curves may be used in calculating the percentages of various ultraclay 
particle sizes present in a suspension, as discussed in the following section. 

ULTRACLAY PARTICLES AS DETERMINED FROM PLOC VOLUMES OF SOILS 

Although it is not possible to determine with absolute accuracy, from knowl- 
edge of floe volume, the percentages of various fractions in the ultraclay region, 
a number of soils were studied to find out the degree of accuracy that can be 
attained. A method that would give readily within a few hours a fairly, if not 
absolutely, accurate measure of the percentages of particles of such fine dimen- 
sions as <0.000063 mm. obviously would be very helpful. 

For this study, mean values of percentages of particles of various sizes 
(<0.0001, <0.000063, and <0.00004 mm.) corresponding to different values of 
flocculated volume were obtained from the mean curves plotted in figures 5, 6, 
and 7. All that need be done then is to find out the floe volume of a soil by the 
method outlined at the beginning of this paper, i.e., take 4 cc. of clay separated 
from 1 per cent fully dispersed soil suspension and determine its floe volume on 
the addition of 1 cc. of 0.25 N CaCh followed by centrifuging for half an hour. 
The percentages of: particles of various sizes can then be read on reference to the 
mean values. 

This method was tested on 63 soils. The percentages of particles of all three 
sizes as determined by the micropipette technique and by the proposed method 
are given in table 4. The agreement is fairly close. 

Thus the ultraclay fractions can be determined with a fair degree of accuracy 
by the proposed method. As no particular skill on the part of the observer is 
involved and determinations of such fine particles in a number of soils can be 
taken down within a few hours, the method has much to be said in its favor. 

SUMMARY 

A simple and rapid method of determining the floe volume of soils is described. 
It is shown to depend on the particle size in the ultraclay range. 

The percentages of various ultraclay fractions present in a soil can be determined 
by measuring the floe volume of the soil. 

Variations in pH value and in time of aging are shown to affect the floe volume 
as well as the ultraclay. 
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This paper describes a method for estimating moisture conservation in fallow 
soil. The method applies in dry areas such as southwestern Saskatchewan 
where the conserved moisture can be taken as the difference between the recorded 
rainfall and the evaporation loss from the soil surface. Other losses such as 
those from runoff or subsoil drainage are disregarded. 

In order to be of general use, a method for estimating moisture conservation 
must be based on the available meteorological data. Accurate daily rainfall 
records are necessary. Also, since vapor loss from the soil depends on the evap- 
orating power of the atmosphere, records of evaporation from the free-w^ater 
tank are required. If surface roughness and radiation effects are neglected, the 
loss from a saturated soil should be equal to the loss from a free-water surface. 
The actual loss from soil is usually much less than this because dry surface layers 
inhibit the upward movement of moisture. Thus the chief problem is to find 
how the rate of loss from soil falls off with the march of evaporation. 

Evaporation of water from moist soil has been studied by Keen et at, (4, 5) 
and by Fisher (1, 2). Cuives showing evaporation loss plotted against time 
usually have an initial constant-rate period followed by twn different falling-rate 
periods. In its present state, such information does not pemiit one to predict 
what the evaporation will be in a given tune under given conditions. 

Geslin and Servy (3) developed a method whereby the moisture content to a 
depth of 18 inches could be calculated, given the initial moisture content and the 
evaporating power of the atmosphere as read by the Piche evaporimeter. The 
authors used the formula E/E^ = KH)j where was the evaporating powder of 
the air, E, evaporation from the soil, and/(jEr) a constant function of iJ, the soil 
moisture content. Experunents conducted at Swift Current^ with 18-idch soil 
tanks failed to provide a xmique f{H) when percolation occurred below^ the sur- 
face layer. The top inch or two of soil dried out, and the rate of loss became 
equally slow for different values of H, Evidently the loss of water depends not 
only on the quantity but also on the location of the moisture within the soil 
mass. 

Suppose a 5- to 8-inch depth of soil is moistened uniformly to field capacity 

1 Contribution from the Experimental Farms Service (F.F.R.A.) \ Dominion Department 
of Agriculture, Ottawa, Canada. 

2 Agricultural scientist and agricultural assistant, Soil Research Laboratory, Dominion 
Experimental Station, Swift Current, Saskatchewan. The authors are indebted to J. L. 
Doughty for assistance and cooperation throughout the course of this ’work. 

3 Soil Research Laboratory 1938 Annual Report. Dominion Experimental Station, 
Swift Current, Sask. (unpublished). 
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and then dried under simulated field conditions. After about a month the rate 
of loss becomes so slow that further loss can be neglected. If the soil is rewetted 
to field capacity and again dried, the rate of evaporation is found to be nearly 
the same as before. The same holds true when water is added in excess of field 
capacity, provided that evaporation is prevented until the excess is absorbed by 
the subsoil. This indicates that soil can be wetted and dried fairly reversibly 
between certain moisture limits. The quantity of water lost in each cycle may 
be termed “removable moisture” in the sense that it can be removed by evapora- 
tion. This removable moisture may be visualized as a quantity of water filling 
an open reservoir at the surface of the soil. If more rain occurs than is needed 
to fill the reservoir, the excess penetrates the soil beyond the evaporation zone. 

Difficulty arises when rainfall fails to moisten the soil to field capacity. A dry 
layer is left below the surface — the reser\mir appears to be full at the top but has 
lower compartments that are empty. Then, on evaporation, the initial loss is 
comparable to the field capacity rate, but the drier soil beneath soon fails to sup- 
ply moisture and the rate falls off sharply. Thus as long as the soil is not wetted 
to field capacity, a different evaporation curve may be expected for each quantity 
of rainfall added. The number of different evaporation curves is further in- 
creased hj the fact that the soil may not be thoroughl}^ dried out when the rain- 
fall occurs. Then after the rainfall, the dry layer may have removable moisture 
below it as well as above. The subsequent rate of evaporation depends on the 
amount of added moisture and on the shortage represented by the dry layer. 
The relation between these factors is determined in the experimental part of this 
paper. 


EXPERIMENTAL METHODS 

First it must be shovm how experimentally measured values fit into the fore- 
going discussion. In actual experiment the intial moisture content was neces- 
sarily somewhat above the field capacity. It had to be established as near as 
possible to the average condition existing in field soils following a rain, and the 
field capacity is rarely attained before rapid evaporation commences. It was 
estimated that the required condition resulted within 3 hours after 1.0 inch of 
water was added to an air-diy soil. Thus, after a 3-hour period the soil was ex- 
posed to a fan in the laboratory, and the study of evaporation commenced. 

Under the conditions of these experiments the loss of moisture became very 
slow after 4 weeks. The choice of a definite zero point for removable moisture 
was purely arbitrary. The only object was to choose a point so low that a field 
soil would not dry beyond it during a normal season. As will be shown later, 
the removable moisture was settled finally at 0.8 inch. This means simply that 
the total loss, after prolonged evaporation, will approach, but rarely exceed, 
0.8 inch of water. 

Evaporation loss was measured from columns of soil contained in metal cylin- 
ders 3.2 inches in diameter and 4.5 and 9.0 inches high. Forty short cylinders 
and eight tail cylinders were used. All were uniformly packed with air-dry 
soil. At the beginning, the short cylinders received 1.0 inch of water. This 
quantity would have wet the soil nearly to field capacity if equilibrium had been 
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established. Of the tall cylinders, the first pair received 0.5 inch of water, the 
second pair 1.0 inch, the third pair 1.5 inches, and the fourth pair 2.0 inches. 
After watering, all cylinders were left standing in a basement rooro. for 3 hours. 
Then they were placed under a rotating, drum-shaped fan to evaporate. The 
platform beneath the fan was concave so that all evaporating surfaces were 
equidistant from the blades. Evaporation continued under the fan for approxi- 
mately 8 hours daily throughout the experiment. For the remaining 16 hours 
the cylinders were left uncovered in a basement room where the evaporation 
was relatively slow. This procedure was intended to simulate day and night 
conditions. All containers were weighed each morning before the fan was started. 
The evaporating conditions of the atmosphere were found from the weights of 
cylinders of water placed beside the soil. In analyzing the results, losses from 
the soil were plotted against losses from the free-water surface. 

All of the tall cylinders and one pair of the short cylinders evaporated mthout 
further addition of water for about 6 weeks. Of the others, after 1.5 days from 
zero time one pair received an additional 0.1 inch of water, a second pair received 
0.2 inch, and a third pair 0.3 inch. After 3.5 days another pair received 0.2 
inch, another 0.3 inch, and another 0.4 inch. Likewise after 5.5, 8.5, and 13 5 
days different pairs of cylinders received additions of 0.2, 0.3, 0.4, and 0.5 inches 
of water. Following the last addition, the evaporation w^as continued for 4 
weeks. By that time all cylinders had reached a low rate of loss. 

RESULTS 

In analyzing the data, the average losses from replicate pairs of cylinders were 
converted from grams to inches of water. Then the losses were subtracted from 
the maximum loss to give the removable moisture remaining in the soil. Tlie 
point of maximum loss was considered reached at the end of 40 days. If the total 
loss was 0.82 inch and the loss in t days was Et inches, the removable moisture 
at time t was 0.82 — Et inches. This calculation was only temporary because 
some of the soils had not dried as thoroughly as the check samples. Variation 
in this respect was detected and the necessary adjustment made after the data 
were plotted. 

The losses from the free-water cylinders w^ere converted to their equivalent in 
losses from the standard meteorological tank. The conversion factor was ob- 
tained by a separate experiment in which the losses from cylinders of water were 
measured out of doors beside the standard tank. The cylinders were embedded 
in the soil so that the two water surfaces were at a common level. The depth 
of water lost from the cylinder was 1,6 times that lost from the tank. This daily 
ratio was fairl3^ constant for a normal 16-day period in August. The small con- 
tainer followed closely the temperature of the soil, losing w^ater rapidly" duruig 
daytime. The tank, on the other hand, had a high heat capacity and lost much 
of its water at night. This method of relating laboratory and field evaporation 
losses is subject to many errors andean be justified onfy when put to practical 
test. All free-water losses referred to m the remainder of this paper are field- 
tank values or the equivalent in laboratory values divided by the factor 1.6. 

A summary of the results is presented in table 1 . The moisture contents of the 
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short cylinders are shown only after the different quantities of water have been 
added. Losses prior to this are assumed equal to the losses from check cylinders 
39 and 40. The uniformity of the initial evaporation is shown by the agreement 
of the sum '^additional water’' plus "shortage from initial condition" (columns 3 
and 4, table 1) for different pairs of cylinders. 

The data from the tall cylinders (lower part of table 1) show striking differ- 
ences in evaporation for the first 1.5 to 3.5 days as a result of different initial 
applications of water. No additional time had been allowed for the soils receiv- 
ing the heavier applications to approach equilibrium, and they lost water for 
many hours at a rate approaching that from a free-water surface. If given suffi- 
cient time before evaporation starts, the water losses for applications of 1.0, 1.5, 
2.0 inches would be more nearly equal than is shown in these experiments. The 
loss for 0.5 inch added water remains considerably below the others, in any 
case, because the moisture content is reduced rather rapidly to below the field 
capacity. The rate of loss following an application of 1.0 inch initial moisture is 
the standard used for the present study and will be referred to as the "standard 
cunre." In southwestern Saskatchewan rainfalls of 1.5 and 2.0 inches are rarefy 
followed b}’^ rapid evaporation; therefore, the corresponding high losses shown in 
the table are uncommon under field conditions. 

The results for the short cylinders (upper part of table 1) were sorted out by 
plotting the data for different quantities of added water on separate sheets. 
For instance, the addition of 0.2 inch of water to soil at different moisture con- 
tents was represented by the standard curve (cylinders 39-40) plus five secondary 
curves (cylinders 3-4, 7-8, 13-14, 21-22, 29-30). The removable soil water 
content was plotted against the free-w^ater loss, the peak value for each of the 
six curves commencing at a common origin. Allowance had to be made in 
plotting the data for additions of 0.3, 0.4, and 0.5 inches because these heavier 
applications had not dried sufficiently when the trial ended. Also, some adjust- 
ment was necessary in a few cases where water had escaped through cracks in 
the soil beyond the evaporation zone. 

The final experimental results w^ere in the form of four figures representing 
additions of 0.2, 0.3, 0.4, and 0.5 inches of w^ater. Considered in terms of field 
conditions, each figure traced the evaporation of water from soil following a cer- 
tain rainfall when the soil w-as at different moisture contents initially. Given the 
initial removable moisture content, rainfall records (accurate to 0.1 inch), and 
free-w^ater evaporation data, the curves should be adqeuate for estimation of the 
removable moisture content continuously throughout the season. They were 
found difficult to use, however, because their peak values were not uniformly 
distributed along the removable moisture axis. It was necessary, therefore, to 
draw new ounces by interpolation in order to have the initial removable moistures 
or shortages vary in even steps of 0.1 inch. These cuives appear in figure 1. 
The general shapes of the experimental curves w^ere retained as far as possible. 
Greater uniformity w^as introduced in the interpolation when it was noted that 
the free-w^ater evaporation during the loss of a rainfall of R inches, with a short- 
age of >S inches, was R/{li 4- &) times the free-water evaporation during the loss 
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of (R + S) inches of moisture with no shortage. In other words, if the rainfall 
was 0.2 inch and the shortage 0.1 inch, the free-water evaporation needed to lose 



Fig. la. Evapoeation Curves for Rainfall of 0.1 Inch 
The shortage equals 0.8 inch minus the removable moisture 



Fig. lb. Evaporation Curves for Rainfall op 0.2 Inch 


the rainfall was two-thirds the evaporation needed to lose 0.3 inch along the 
standard curve. Table 2 shows to what extent this rule holds for the experi- 
mental data. The shortages are based on the mininium reached at the end of the 
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trial, without correction for the small quantity of removable moisture retained 
by the more heavily watered soils. On the basis of the results for only 0.2 and 
0.3 inches of rainfall, there is a tendency for the ratio of calculated to measured 



Fig. 1c. Evaporation Curves for Rainfall op 0.3 Inch 



Fig. Id. Evapobation Curves fob Rainpalu op 0.4 Inch 

values to increase with shortage. Nevertheless, the calculation shows satis- 
factory a^eement over most of the range. By using the proposed method of 
interpolation, the curves of figure 1 were drawn in with greater uniformity, ^d 
yet retained essentially the same shape and magnitude as the experimental curves. 
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Fig. le. Evaporation Curves for Rainfall op 0.5 Inch 


TABLE 2 


Effect of rainfall and shortage on relative eva'poration from soil and free-water surface 


SAIOTALL (R) 

SHORTAGE (5) 

R + 5 

TREE-WATER 
EVAPORATION 
WHILE SOIL LOST 

S INCHES 

TREE-WATER EVAPORATION WHILE 

SOIL LOST R INCHES, 

SHORTAGE 5 




(STAND^VRD CURVE) 

Calculated* 

Experimental 

inches 

inches 

inches 

inches 

inches 

inches 

0.2 

0.12 

0.32 

0.32 

0.20 

0.21 

0.2 

0.22 

0.42 

1 0.67 

0.32 

0.32 

0.2 

0.28 

0.48 

1 0.99 

0.41 

0.43 

0.2 

0.34 

0.54 

1.50 

0.56 

0.58 

0.2 

0.41 

0.61 

2.33 

0.76 

0.70 

0.3 

0.13 

0.43 

0.70 

0.49 

0.56 

0.3 

0.19 

0.49 

1.10 

; 0.67 

0.77 

0.3 

0.25 

0.55 

1.63 

0.89 

0.88 

0.3 

0.33 

0.63 

2.55 

1.22 

1.07 

0.4 

0.10 

0.50 

1.18 

0.94 

1.12 

0.4 

0.16 

0.56 

1.72 

1.23 

1.25 

0.4 

0.23 

0.63 

2.66 

1.69 

1.65 

0.5 

0.09 

0.59 

2.06 

1.75 

1.67 

0.5 

0.18 

0.68 

3,45 

2.53 

2.53 


~ 7 — X column 4. 
itJ + o 


From a comparison of the different rainfall groups of figure 1, it appears that 
the differences become less and less pronounced as the added water mcreases. 
This could be expected, since, with increase of water, a given shortage becomes 
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farther removed from the surface. There is very little difference between the 
curves for additions of 0.4 and 0.5 inches. 

Another interesting feature is that the curve for a shortage of 0.1 inch almost 
coincides with part of the standard curve, the upper curve in each graph. This is 
understandable when it is noted that for the upper 0.2 to 0.3 inches the standard 
curve is almost a straight line. Presumably this line represents the loss of mois- 
ture that is not held by strong forces and is rather mobile. Thus the curves for 
rainfalls of 0.1 and 0.2 inches, and shortage of 0.1 inch, are little different from 
the standard curve vith 0.1 inch removed at the top. The same holds true, 
though to a lesser extent, for shortages of 0.2 inch. But on reaching a shortage 
of 0.3 inch the curves are very different from one another and from the standard 
curve beginning at the same level. It is very doubtful whether a true constant- 
rate zone extends more than 0.25 inch below the peak of the standard curve. 
The steepness of the experimental curves during their initial stages makes it 
difficult to decide this point. 

PRACTICAL APPLICATION OF THE EVAPORATION CURVES 

Figure 1 shows the loss for nearly all moisture conditions likely to occur. 
With the help of these cur^ms it is possible to trace continuously the rise and fall 
of the removable moisture. It is necessaiy to start when the surface moisture 
condition is fairly well knovm — ^for instance, in the springtime just after the 
snow has disappeared and the reservoir of removable moisture remains filled. 

Then the soil moisture content may be traced along the standard curve until 
rainfall occurs. The distance of travel along the curve is determined by an 
interval on the abscissa equivalent to the recorded free-w^ater evaporation for 
the period. The moisture content and rainfall need be read only to the nearest 
0.1 inch. Suppose, for example, the soil has dried dowi to 0.23 inch removable 
moisture when a rainfall of 0.44 inch occurs. The moisture content is taken 
as 0.2 inch and the rainfall as 0.4 inch, leaving a net shortage of 0.2 inch. With 
subsequent evaporation, the loss will be shown in figure Id along the curve for 
a shortage of 0.2 inch. Then after more rainfall the process will be repeated as 
before, each curve being follow^ed down for an interval corresponding to the free- 
water evaporation between successive I’ainfalls. In this way a continuous record 
of removable moisture may be obtained. 

An.y rainfall in excess of the 0.8 inch removable moisture is recorded as con- 
served. Some modification of this rule must be made wffien very low evapora- 
tion follows abundant rainfall, viz., rainfall which w^ets the soil to the O.S-inch 
level or higher. Tlie standard curve is based on evaporation commencing 
shortly after rain occurs. If 24 to 36 hours of very slow^ evaporation intervenes, 
the soil approaches field capacity and the removable moisture is reduced. To 
allow for this, the soil is estimated to contain only 0.6 inch of removable water 
within 36 hours after a rainfall wetting to 0.8 inch. Thus additional moisture 
is conserved if, on the day followng a rain, the evaporation from the soil is less 
than 0.2 inch. As an example of the foregoing, suppose a soil containing 0.6 
inch moisture receives a rainfall of 0.3 inch. The 0.1 inch excess water can be 



CONSERVATION OP SOIL MOISTURE 


187 


written down immediately as conserved. The standard curve is used to trace 
the loss on the following day. If the free-water loss is so high that the soil loses 
more than 0.2 inch of water, the curve can be followed dovui as usual to the 
next rainfall. But if the loss from the soil on the second day is onl}^ 0.1 inch, a 
further conservation of 0.1 inch (0.2-0. 1) must be recorded. On the third day 
eavporation commences on the standard cuiwe at the 0,6-inch level. Some 
allowance must be made in reading the evaporation interval because at 0.6 inch 
the curve is displaced from the vertical axis. 

TABLE 3 


Moisture conservation in fallowed ta^iks 


YEAH 

PERIOD 

RAINFALL 

EVAPORA- 

TION 

ESTIMATED 

CONSERVATION 

MEASURED 

CONSER- 





Method A 

Method B 

VATION 

1922 

June 1 to Aug. 21 

inches 

7.98 

inches 

15.34 

inches 

3.0 

inches 

3.1 

inches 

2.6 

1923 

May 15 to Nov. 1 

14.43 

22.75 

7.1 

7.0 

4.8 

1924 

May 16 to Oct. 21 

11.61 

23.86 

4.2 

4.9 

4.8 

1925 

May 12 to Nov. 2 

7.97 

24.66 

1.8 

1.3 

1.9 

1926 

May 12 to Oct. 30 

10.51 

24.94 

2.4 

2.5 

2.5 

1927 

May 16 to Nov. 1 

13.93 

i 22.68 

5.8 

4.9 

5.8 

1928 

May 21 to Sep. 10 

8.47 

26.13 

3.2 

3.0 

3.1 

1929 

May 7 to Aug. 10 

7.76 

34.93 

2.0 

2.6 

2.6 

1930 

May 5 to Oct. 23 

9.10 

32.39 

3.8 

3.6 

3.5 

1931 

May 16 to Oct. 31 

7.22 

34.70 

2.2 ^ 

2.0 

2.3 

1932 

May 9 to Nov. 5 

12.14 

27.31 

5.0 

4.8 ‘ 

4.4 

1933 

May 11 to Nov. 2 

10.33 

31.34 

3.6 

3.2 

3.6 

1934 

May 23 to Oct. 30 

8.07 

30.81 

2.1 

2.1 

1.5 

1935 

May 16 to Sep. 15 

6.70 

23.20 

2.0 

2.1 

2.3 

1936 

June 3 to Oct. 27 

5.55 

30.72 

1.3 

1.3 

0.8 

1937 

May 19 to Nov. 3 

4.78 

37.08 

0.2 

0.1 

0.1 

1938 

May 9 to Oct. 18 

8.13 

32.40 

1.7 

2.1 

1.2 

1939 

May 11 to Oct. 19 

11.86 

26.13 

6.2 

5.9 

5.3 

1940 

May 3 to Oct. 30 

7.45 

35.60 

1.7 

2.1 

0.8 

1941 

May 1 to Nov. 12 

8.35 

36.08 

1.0 

1.4 

0.9 


Data from tank experiments conducted at this station during the years 1922 
to 1941 provide a convenient check on the evaporation curves in figure 1. The 
tanks used in these experiments were 15 inches in diameter and 5 feet deep. 
They were set in pits so that the surface of the soil was level with the surrounding 
plot. The data in the original form consisted of the weights of fallow tanks 
recorded at intervals throughout the summer months. For the present purpose, 
the gain or loss in weight during each interv’-al was changed to inches of water. 
Evaporation from the free-water surface was calculated for the same intervals. 
Rainfall data were retabulated to read to the nearest 0. 1 inch. 

A summary of these data with estimated moisture consenmtion is presented in 
table 3. The method of estimation discussed thus far comprises method A of 
the table. Method B was very similar except that the intervals in days between 
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TABLE 4 


Detail used in esiimaiing the moisture conserved in fallowed tanks in 19S9 


DATE 

DAYS 

SINCE 

LAST 

RAIN 

RAINP-VLL 

EVAPORA- 

TION 

CALCULATED CONSERVATION 

MEASURED 

CONSERVA- 

TION 

Measured* 

i Nearest 

0.1 inch 

Percolated j 
moisture 

Surface 

moisture 

Total 

conserved 



inches 

inches 

inches 

inches 

inches 

inches 

inches 

May 5 

11 

0.09 

0.1 

0.95 





11 

6 



1 . 16 t 


0,2 



19 

14 

1.38 

1.4 

3.04 

0.7 




20 

1 

0.44 

0.4 

0.00 

0.2 




21 1 

1 

0.12 

0.1 

0.03 

0.4 




22 

1 

0.67 

0.7 

0.00 

0.8 




24 

2 

0.16 

0.2 

0.07 1 





25 

1 

0.05 

0.1 

0.02 

0.1 




30 

5 



0.90 


0.3 

2.3 

2.4 

31 

6 

0.38 

0.4 

1.37 





June 4 

4 i 

0.10 

0.1 

0.71 





5 

1 ! 

0.56 

0.6 

0.00 

0.2 




6 

1 1 

0.37 

0.4 

0.16 

0.2 




7 

1 

0.20 

0.2 

0.08 

0.1 




8 

1 

0.18 

0.2 

0.11 

0.1 




9 

1 

0.45 

0.5 

0.00 

0.4 




13 

4 

0.56 

0.6 

0.57 

0.2 




15 

2 

0.26 

0.3 

0.23 

0.2 




16 

1 

0.71 

0.7 

0.00 

0.7 




17 

1 

0.25 

0.3 

0.00 

0.3 




18 

1 

0.62 

0.6 

0.00 

0.6 




19 

1 

0.34 

0.3 

0.00 

0.1 




20 

1 

0.61 

0.6 

0.22 

0.4 




21 

1 

0.06 

0.1 

0.14 





23 

2 

0.35 

0.4 

O.IS 





23 

0 



0.30 


0.5 

3.7 

3.4 

24 

1 

0.21 : 

0.2 

0.11 

0.2 




25 i 

1 

0.07 

0.1 

0.06 





July 1 

0 i 

0.06 

0.1 

1.11 





3 

2 

0.07 

' 0.1 

' 0.34 





7 

; 4 

0.19 

0.2 

0.75 





15 

8 

0.34 

0.3 

1,99 





18 

3 



0.61 


0.2 

- 0.1 

- 0.2 

20 

5 

1.15 

1.2 

1.25 

0.5 




: Aug . 1 

12 



2.47 


0.2 

0.5 

0.2 

' •'6 

17 

0.10 

0.1 

3.89 





''8 ■ 

2 ^ 

0.07 

0.1 

0.24 





■ ■" 28 ' 

r .20 

0.08 

0.1 

4.81 





30 

r ^ 2 ■ 



0,35 


0.0 

- 0.2 

- 0.3 
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TABLE 4 — Concluded 


DATE 

DAYS 
SINCE 
EAST 
j RAIN 

RAINFALL 

EVAPORA- 

TION 

CALCULATED CONSERVATION 

MEASURED 

CONSERVA- 

TION 

Measured* 

Nearest 

O.i inch 

Percolated > 
moisture ; 

Surface 

moisture 

Total 

conserved 



inches 

inches 

inches 

inches 

inches 

inches 

inches 

Sept. 1 

4 

0.05 

\ 0.1 

1.04 





12 

11 

0.05 

0.1 

2.15 





23 

11 

0.06 

i 0.1 

1.83 





Oct. 1 

8 

0.14 

0.1 

0.57 





9 

8 

0.06 

0.1 






12 

3 

0.07 

0.1 






19 

7 

i 




0.0 

0.0 

-0.2 

21 

9 

0.06 

0.1 






24 

3 

0.31 

0.3 






27 

3 

0.06 

0.1 













6.2 

5.3 


* Rainfall less than 0.05 inch omitted. 

f Evaporation is summed past the underlined values, since these appear on dates when 
tanks were weighed, not necessarily wdien rain fell. 


rainfalls were used to estimate loss in place of the measured free-water evapora- 
tion. The average daily evaporation for the different months was used to make 
the abscissa of the evaporation curves read directly in days. This method was 
tested to see whether moisture conservation could be calculated when average, 
but not detailed, evaporation data were available. The approximate average 
daily evaporation for May, June, and August was 0.2 inch; for July, 0.24 inch; 
for September, 0.14 inch; and for October, 0.075 inch. 

The detail of the computation (method A) for the year 1939 is shown in table 4. 

DISCUSSION 

The agreement between estimated and measured conservation is considered 
satisfactory for practical purposes. This result, along with the fair agreement 
between methods A and B, show that many of the possible complicating factors 
in evaporation are of little consequence when soils are exposed to natural condi- 
tions. This applies particularly to evaporation in dry wmther when the remov- 
able moisture is low and the rate of loss is negligible over long periods. The rate 
of loss is very sensitive to free-water evaporation for only a short time after a 
rain, and any differences in loss occurring during this period are erased if many 
days pass before the next rainfall. 

A few of the possible errors in the use of method A are listed below : 

a. The most obvious error is found in the assumption that only 0.8 inch of moisture is 
lost by evaporation from a soil moistened initially to near the field capacity. This is but 
an arbitrary limit and experiment shows that further loss takes place, though at a very 
slow and almost constant rate, until another 0.3 inch or more of moisture is lost. This 



190 


■ff. J. STAPLE AND J. J. LEHANB 


error occurs in the calculation for very dry years such as 1936, 1937, and 1938. During these 
years the evaporation from free-water frequently e.xceeded the range of the calibration 

curves. 

b. It is assumed that the soil is moistened, immediately following a rain, to a condition 
corresponding to the standard curve. This curve, however, is not unique, but is close to 
the mean value that would be obtained if likely rainfalls and likely subsequent intensities 
of evaporation are considered. The possible error increases with the amount of rainfall in 
excess of the 0.8-inch surface moisture. Also, the error can be large in the other direction 
if the final rainfall bringing the quantity up to 0.8 inch is very light, or falls over a long 
period. Fortunately these errors are partly compensated by the fact that, except in the 
case of heavy thunder showers, the period of cloudy weather immediately following a storm 
is roughly proportional to the precipitation received. Thus, ciuite automatically, the 
heavy rainfall is given time to approach equilibrium under reduced evaporation, whereas 
following a light shower the evaporation is generally rapid. These characteristics of nor- 
mal rainfall tend toward a mean evaporation curve corresponding to a moisture condition 
somewhat above the field capacity. 

That the error involved here is small is evidenced by the fact that the present method 
gave satisfactory results for such wet seasons as 1927 and 1939. 

c. The use of a single set of evaporation curves as in figure 1 implies that evaporation 
from soil varies with the total loss of water from the free-water tank, thus being independent 
of fiuctuations in daily rate. This is strictly true only when the removable moisture is less 
than 0.6 inch. The discussion in section b emphasizes the error involved if the soil is un- 
usually moist when evaporation commences. Likewise, even when the removable moisture 
content is reduced to 0.8 inch, a slow redistribution of moisture within the soil continues, 
and the vapor loss may be less than predicted by the curves if the weather is damp for the 
first day or so after the rain. This possibility made necessary the rule used in the calcula- 
tions whereby the removable moisture was estimated at 0.6 inch within 36 hours after a 
rain , whether or not there was loss through evaporation. The modified procedure gives an 
approximation to what actually occurs and improves the agreement with measured con- 
servation. 

The solar radiation effect mentioned in section e is, of course, a special case where a rapid 
initial evaporation reduces rather than increases the loss from soil. 

d. The factor transferring from laboratory to field data introduces some error. Radia- 
tion effects are uncertain because of the differences in heat capacity of the surfaces involved. 
Also, water loss from a laboratory cylinder is not strictly proportional to surface area when 
the evaporating surface is moistened to near saturation. The situation is so complicated 
that one would be justified in choosing the scale that gives the best result. 

e. The miiich-producirig power of direct sunlight is another possible source of error. 
Eadiatiott effects were ignored in this work, as the experiments were conducted indoors 
under constant temperature conditions. Penman (6) has shown that direct insolation 
produces a rapid initial loss followed by a much lower rate, and that the net result is re- 
duced evaporation. Undoubtedly this causes appreciable error in our calculations on some 
days, particularly after heavy rains w^hen rapid mulch formation would reduce surface 
evaporation and give the excess moisture time to penetrate beyond the surface. With 
moderate to light rainfall, however, the effect should be likened to the usual dryland dust 
mulch which has proved ineffective over long, dry periods. Furthermore, from Penman’s 
paper, it seems possible that his soils were held under stress of evaporation continually 
throughout the experiment. A dry crust once formed would remain a barrier to moisture 
movement. In the present laboratory experiments the evaporation was made intermittent 
in an attempt to simulate outdoor conditions. During the early stages of evaporation, 
when the radiation effect applies, soil surfaces that were dry at night were found moist next 
morning. In fact, a fairly large percentage of the loss from the soils took place at night 
when the loss from free water was small. 
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SUGGESTIONS FOE GENERAL USE 

The possible effect of different soil textures on evaporatioil has been dis- 
regarded in the foregoing discussion. A tmiform loam soil with a moisture equiv- 
alent of 22 per cent was used in all experimental work. This soil is representa- 
tive of many large areas throughout southwestern Saskatchewan. It is expected, 
of coui se, that soils of different textures will have different evaporation curves, but 
for practical purposes it is believed that two or three sets of curves may cover all 
types of soil satisfactorily. Tank experiments show that medium- and fine- 
textured soils differ less in vapor loss than is generally believed. A loam soil 

TABLE 5 


Moisture conservation on fallowed plots at Swift Current, Saskatchewan 


YEAR 

PERIOD 

RAIN- 

PALL 

EVAPO- 

RATION 

ESTI- 

MATED 

CONSER- 

VATION 

METHOD 

A 

MEASURED CONSERVATION* 

Plot 1 

Plot 2 

Average 



inches 

inches 

inches 

inches 

inches 

inches 

1924 

May 26 to Sep. 18 

7.19 

19.66 

0.9 

-1.4 

1.1 

-0.2 

1926 

May 27 to Sep. 27 

8.34 

20.33 

2.3 

3.1 

0.7 

1.9 

1928 

May 26 to Sep. 13 

7.80 

20.10 

3.3 

3.8 

3.3 

3.6 

1929 

May 16 to Sep. 16 

6.44 

i 29.68 

1.8 

1.0 

1.6 

1.3 

1930 

May 16 to Sep. 19 

6.31 

29.16 

2.4 

1.7 

0.4 

1.1 

1931 

May 15 to July 16 

2.92 

16.03 

0.6 

0.7 [1.0] 

1 0.8 [0.7] 

0.8 [0.9] 

1932' 

May 16 to July 18 

6.64 

11.44 

3.5 

2.9 [3.1] i 

3.4 [3.9] 

3.2 [3.5] 

1933 

May 26 to Aug. 11 

3.67 

20.35 

0.2 

-1.1 [-1.0]' 

-1.6 [-1.7] 

-1.4 [-1.4] 

1934 

May 14 to Aug. 9 

6.08 

21.94 

1.7 

1.4 [1.5] 

0.8 [0.5] 

1.1 [1.0] 

1935 

May 23 to July 15 

4.81 

9.88 

1.6 

0.7 [1.8] 

1.0 [1.1] 

0.9 [1.5] 

1937 

May 19 to Oct. 21 

4.66 

37.08 

0.3 

0.6 

0.7 

0.7 

1938 

May 24 to Oct. 17 

7.83 

29.42 

1.9 

1.8 

1.7 

l.S 

1939 

May 30 to Oct. 16 

9.03 

23.23 

3.6 

1.6 

1.5 

1.6 

1940 

May 6 to Nov. 7 

7.78 

35.33 

1.8 

0.7 

2.3 

1.5 

1941 

May 9 to Oct. 14 

7.98 

33.82 

0.9 

0.7 

0.8 

0.8 


* Figures in brackets obtained in correcting for soil heterogeneity by the moisture- 
equivalent method. 


is frequently dried to a greater depth than a clay, but because of the difference 
in water-holding capacity, both types lose roughly the same amount of water. 

It is intended that the method described herein be checked thoroughly in the 
field, conservation being based on samples taken from different soil types. A 
limited number of data are already available from yearly sampling of field plots 
and strips at the Dominion Experimental Station, Smft Current. These data 
are presented with the corresponding estimated moisture conservations in table 5. 
The plot results extend over almost the same period of years as the tank results 
(table 3), but the number of days per year differs in each case. 

The agreement between estimated and measured conservation is considered 
satisfactory. The plots were maintained under much less ideal conditions than 
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were the tanks, and frequently lower conservation resulted. The data from 
two plots per year have been included in order to show the variation obtained. 
Weed growth contributes most to this variation, as well as to the difference be- 
tween plots and tanks. The tanks were kept free of weeds, whereas the plots 
sometimes became weedy between cultivations, particularly during wet seasons 
when field cultivation was impossible. This accounts for much of the difference 
between calculated and measured conservation in 1939 (table 5). The plots 
were also affected more by runoff and soil heterogeneity than were the tanks. 
The results in brackets (columns 6, 7, and 8, table 5), obtained by correcting for 
soil heterogeneity, show that this error was usually small. 

The computations are straightforward for a station where both rainfall and 
evaporation are recorded. At stations and country points where evaporation 
data are not available, it is believed that evaporation from a few centrally located 
stations, used with the local rainfall, may give fair accuracy. The satisfactory 
agreement of methods A and B, table 3, suggests that detailed evaporation 
records are not needed. 

For general use it is suggested that the curves of figure 1 be placed side by 
side on a board with a cursor attached (slide rule style) . The cursor should carry 
an index pointer for vertical travel. In this way the pointer can follow any 
cun^e, showing ahvays the moisture content and the current rate of loss from the 
surface soil. Moisture conserved belovr the surface should be recorded on a 
mimeographed sheet after the form of table 4. 

SUMMARY 

Soil moisture conservation is estimated by application of the familiar concept 
that the surface soil must be moistened to its field capacity before water will 
penetrate to the subsoil. In the present work the surface soil at field capacity is 
likened to a full resenmir vnth a constant volume equal to that occupied by 0.8 
inch of water. As a starting basis, the reservoir is considered full when an air- 
diy loam soil receives 1.0 inch of rainfall, and empty (arbitrarily) when 0.8 
inch of this moisture is removed b^’^ evaporation. Once the surface soil is filled, 
additional rainfall percolates dovmward out of reach of evaporation. Runoff 
is disregarded. 

The removable moisture in the surface soil may be found with the help of 
experimentally determined evaporation curves in which removable moisture is 
plotted against evaporation from the standard free-water tank. Each curve 
starts with the removable moisture present immediately after a rain, and traces 
the evaporation until the arbitrary zero point is reached. When a rainfall does 
not fill the resenmr, a shortage exists and the initial moisture content is corre- 
spondingly reduced. Furthermore, for each initial moisture content, the shape 
of the evaporation cim^e is determined by the amount of the recent rainfall. 
Separate curves are provided for all combinations of rainfall and removable 
moisture (in units of 0.1 inch) likely to occur in the wetting and drying of fiield 
soils.. ■ 

In dry years the surface soil is rarely filled; there is usually a large shortage, 
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aad the removable moisture merely oscillates up and down with alternate wetting 

and drying. During wet years, on the other hand, frequent showers keep the 
surface moistened to near the field capacity and a relatively large percentage of 
the rainfall is conserved. 

The evaporation curves are used to calculate the moisture conservation in 
fallow soils for the years 1922 to 1941. The results are in satisfactory agree- 
ment with measured conservations both in soil tanks and in plots. 
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That R b-igli conccntratioii of carbon, dioxide occurs in the soil air of lowiiioor 
Everglades peat when a water table is maintained low enough to permit the use 
of the land crops is shown in another paper (5). It is suggested that this high 
concentration of carbon dioxide between the root zone and the water table level 
probably functions as a protecting blanket to keep the roots from going too deep 
and becoming waterlogged when the water table is raised by heavy rains and 
before the pumps can remove the excess water. 

Clayton, Neller, and Allison (4) point out that water control by means of 
pumps is necessary for the farming of Everglades peat. They also record the 
effect of partial or gravity drainage upon the subsidence of areas of peat not yet 
in cultivation, and show that the loss in elevation in these undeveloped areas may 
be less but the actual loss of peat is greater because the density of the surface 
layers is considerably less than in similar peatland that is under water control for 
agricultural use. Inasmuch as the peat is underlain vith limestone, it is a matter 
of high importance to reduce the rate of subsidence as much as possible, thereby 
prolonging the useful agricultural life of the peat. 

Oxidation losses may be expected to be heavy in peats that have been drained 
to the extent that the accumulated masses of partly decomposed material are 
exposed to aeration. For a given amount of drainage, the amount of oxidation 
depends on the type of peat, which in turn has been determined by the climato- 
logical conditions under which the peat was formed and to which it is likewise sub- 
jected after drainage. Clayton, Neller, and Allison (4) describe these factors for 
the Everglades peat, and the present paper records the experiments designed to 
ascertain the part that oxidation is pla 3 dng in the diminution of the surface of the 
peat. 

The surface layers of Everglades peat that have been placed under water con- 
trol have pH values of 5 to 6, which increase to and beyond 7 in the deeper layers 
because of the limestone rock that lies immediately beneath. The ash content 
ranges from 10 to 15 per cent, and the volume weight from 10 to 18 pounds per 
cubic foot, oven dry basis. Diffusion processes are doubtless rapid in the 
drained layers, at least as far down as the plastic layer about 18 inches below the 
surface. These and other characteristics of the peat were described several years 
ago by Allison, Bryan, and Hunter (1). 

EXPERIMENTAL 

In 1934 a field of Everglades peat was divided into eight blocks, each 100 by 240 
feet (2). These are surrounded by a system of ditches and check dams for the 

4 L. S. Jones assisted with the collection and analysis of samples. 
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conduction of soil waters whereby the water table is held at a different level in 
each block. This is accomplished by means of electrically operated pumps under 
automatic control which pump the water from the block of deepest water table to 
that of the highest, from which it passes over check dams successively to each of 
the lower levels. Mole drains were installed in all of the blocks to aid in main- 
taining more constant water levels. The prescribed water table levels were 
established in November, 1935. 

Figure 1 is a general view of these fields with the pump house in the middle 
background. Shelters to house the recording instruments, one for each field, 
may also be seen. The photograph was taken August 20, 1934, when the fields 
were all being held at the same water level and were being uniformly cropped to 
determine field variability. 

The purpose of the water table experiments was twofold: one, to determine the 
effect of water level on the subsidence of the peat and its loss by oxidation; and 
the other, to study the effect of different water levels on the growth of various 
crops. 

During February to May, 1936, equipment was designed and installed on 
several of the fields for the purpose of measuring the amount of oxidation of the 
peat in situ as related to water table level. Each unit of this equipment consisted 
of a thin brass cylinder, 4 inches in diameter, which was pushed down into the 
peat far enough to insure that the lower end was beneath the water table. By 
sharpening the lower end of the cylinder and inserting it with a twisting motion it 
was possible to install it without compacting the enclosed column of peat appre- 
ciably. The top of the cylinder (fig. 2) was then closed by soldering on a cap 
which carried the outlet and inlet tubes. The outlet tube extended down into 
the peat to a point midway between the water table level and the surface of the 
peat, whereas the inlet tube stopped at the surface. 

Aeration of the enclosed peat and collection of the carbon dioxide produced 
therein was accomplished by aspirating a measured amount of air into and out of 
the cylinder through flasks containing a solution of sodium hydroxide of known 
normality. The arrangement is showm in figure 2. Suction was obtained by 
water displacement from the upper to the lower bottle. At the end of a collec- 
tion period the inlet and outlet tubes of the soil cylinder were closed and the 
flasks of sodium hydroxide were capped and taken to the laboratory for determi- 
nation of the carbon dioxide by titration. An addition to the equipment, not 
shown in figure 2, was a latticed cover for the cyinder and surrounding soil to 
prevent the rays of the sun from heating the cylinder and conducting heat to the 
cooler subsurfaces. The pipe extending from the ground at the left is connected 
to a container for the collection of samples of soil air as described in a previous 
'paper '•.(5). 

Since temperature of the peat is a basic factor controlling the rate and amount 
of oxidation, soil thermographs of the type shown in figure 3 were installed in the 
fields with the 12- and 3G-inch water tables. The average diurnal temperature 
(5) 31 inches below the surface was the same (about SO'^F.) for both fields from 
March tlirough May. It was slightly higher at the 3|-mch level over the 12-inch 
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water table from June through November. From Decen 
an average temperature of 69° was recorded for the 3|- a,i 
as for the air above the surface of the peat. 


Fig. 1. (Top.) General View op the Water Tabi;e Field 
The 12, 18, 24, 30, 36 and 36 variable water tables are indicated. T1h> jilioloj^raph was 
taken in 1934 preceding the establishment of these water levels and during ]j(‘riod that 
the areas were being uniformly cropped to determine soil variability , building at the 
rear houses the electric pumps that automatically control the water levels. 

Fig. 2. (Lower left.) One of the Copper Cylinders Enclosing Peat in Situ, with 
Inlet and Outlet Tubes, Together with Flasks for the Collection of Carbon 
Dioxide, and an Arrangement to Cause a Flow op Air through the System 
At the left is a tube extending down to an accumulation chamber for the collection of 
samples of soil air in the peat outside the cylinder. 

Fig. 3. (Lower right.) Thermograph for Recording Temi’eratures at Different 

Depths in Peat 
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Aftei* tlie .eciiiipnient was designed and installed to measure the amount of 
oxidation of a definite undisturbed mass of peat in place in the field, the problem 
!•emained of determining how much to aerate the peat so as to approximate normal 
conditions as closely as possible. vSome preliminary trials were made, and it was 
decided to aspirate 3 liters of air through the cylinder in the field with the 12- 
inch water table and 4 and 6 liters, respectively, through the cylinders in the 
fields with 24- and 36-inch water table levels. As shown in table 1, considerably 
less carbon dioxide was removed in a second aspiration immediately following the 
first. The amounts recovered in a third period were about equal to those ob- 
tained in the second. 

On the basis of the volumes of aspirational air recorded in table 1 , the percentage 
concentration of carbon dioxide that accumulated in the cylinders was deter- 
mined at the end of 4, 8, and 14 days (table 2). These percentages were com- 
pared with those in the soil atmosphere outside the cylinders collected in the 
manner described in a previous paper (5). The data indicate that the 4- and the 
8-day intervals between collections were too short, as the concentration inside the 
cylinders in the field with the 36-inch level did not approach that outside the 
cylinders except when the interval wars 1 4 days . In the field with the 1 2-inch water 
table, the concentration of carbon dioxide inside the cylinder w^as somewhat 
greatei’ than that outside. 

Tlie results recorded in tables 1 and 2 indicated that the amounts of air recorded 
in table 1 should l)e drawn through the cylinders every 13 to 14 days. Approxi- 
mately 26 collections of carbon dioxide per cylinder were obtained annually in 
this procedure, and the annual totals for duplicate cylinders on four of the fields 
are recoitled in tal)le 3 for a 5-year period. One cylinder only w’’as used on the 
field with the 12-ineb water table. 

Before discussing the relation of subsidence or diminution of the surface levels 
of t h<‘ \KKii in rdation to tlie oxidation losses measured in these fields of differing 
w'ater table Itw'els it ^^'Ollld be well to consider the data obtained in the resetting 
of tiu^ cylimlers. In May, 1941, one of each of the duplicate cylinders w^as im- 
ca])j)ed, r(Mn()\'ed, and reset. Table 4 records the pH, moisture content, ash, 
and nitrat(‘ and ammoniacal nitrogen of the peat inside and outside the cylinders. 
In the fields with the 24-inch and the 3G-inch variable water tables, the pH of the 
peat inside the cylinders wus about the same as in comparable samples outside; 
!)ut in the fields with the 36-inch and the 24~-36-inch winter tables, it w^as higher 
inside. The moisture content of the peat inside the cylinders w^'as somew^hat 
higher than that outside in the 0-1 2-inch layers but show^ed no appreciable varia- 
tions in the 13-18- and 13-24-inch layers. There were no consistent differences 
in the ash contents of sam|)les inside and outside the cylinders. The accumula- 
tion of nitrate nitrogen w'as considerably higher inside two of the cylinders than 
outside, and these nitrates probably caused the low-er pH values in the peat in- 
side these tw'(j cylinders. It is not understood wdiy nitrate accumulation w^as not 
higher in the other cylinders, since there w^as no leaching from rain in any of 
them. In gemnnl, the peat inside the cylinders w’as found to be similar in condi- 
tion to dial outside. 
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The cylinders that were removed were reset, and the carbon dixoide produced 
in the peat enclosed in them was measured for 1 year beginning May 30, 1941. 
The amounts of carbon dioxide thus obtained are recorded in table 5 together 
with those in the adjacent duplicate cylinders that had not been reset. The 
single cylinder on the field with the 12-inch water table was reset and the carbon 
dioxide from it is also recorded in table 5. In comparison with the original 
cylinders, the total carbon dioxide production for the year was slightly lower for 
one of the reset cylinders and somewhat higher for the other three. The pro- 
duction in the cylinder reset in the field with the 12-inch water table was about 

TABLE 1 


Carbon dioxide obtained from peat in field cylinders during successvoe periods of aspiration 


PERIOD 

WATER TABLE 12 

inches; aspira- 
tion PER PERIOD 

3 LITERS 

WATER TABLE 24 
INCHES; ASPIR.V- 
TION PER PERIOD 

4 LITERS 

WATER TABLE 36 
inches; ASPIRA- 
TION PER PERIOD 

6 LITERS 

WATER TABLE 36 
INCHES VARUBLE; 
ASPIRATION PER 
PERIOD 6 
LITERS 

WATER TABLE 

24-36 inches; 

ASPIR,\TION PER 
PERIOD 6 LITERS 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1 

27.8 

481.0 

769.1 

724,4 

834.8 

2 

13.6 

115.2 

275.1 

99.6 

333.4 

3 

12.2 

96.9 

248.0 

51.5 

271.0 


TABLE 2 


Concentrations of carbon dioxide in peat inside and outside cylinders for different periods 

between collections 




CONCENTRATION OP CARBON DIOXIDE 

DEPTH OE WATER 
TABLE 

INTERVALS BETWEEN 
COLLECTIONS 

In peat inside cylinders j 

In peat outside 



Before collection 

After collection 

cylinders 

inches 

days 

■per cent 

per cent 

per cent 

12 

4 

0.54 

0.13 

1.07 


14 

2.87 

0.29 

0.97 

36 

1 

4 

3.50 

0.80 

8.52 


8 

6.02 

1.84 

9.50 


14 

8.41 

3.38 

9.79 


the same as the yearly average for the 4-year period for that cylinder as recorded 
in table 3. A further inspection of table 3 will show that the differences in 
amounts of carbon dioxide obtained from duplicate cylinders for the year 1941 
are no greater than some that occurred in previous years. From the compari- 
sons of the peat inside and outside the cylinders (table 4) and of oxidation activ- 
ity in newly set andundisturbed cylinders (table 5), it can be concluded that the 
peat inside the cylinders was in a condition similar to that outside except that 
nitrate accumulation tended to be higher inside. This was to be expected, since 
the peat inside the cylinders was not exposed to leaching from rain. 

In addition to the subsidence measurements of these fields (3) a study was 
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made of the effect of water table level on the volume weight and ash of the peat. 
This was started in 1935 when the water table controls were established. Pre- 

TABLE 3 


Total annual collections of carbon dioxide from enclosed columns of peat infields held at 
different water table levels 


YEAS 

WATER 

TABLE 

12 INCHES 

WATER TABLE 

24 INCHES 

WATER TABLE 

36 INCHES 

WATER TABLE 

36 INCHES VARIABLE 

WATER TABLE 
24-36 INCHES 



1 1 2 

1 2 

1 1 2 

1 1 2 


Carbon dioxide collected, mgm. 


1937 

1,450 

.2 

10,677.6 

8,152,918,992.5 

15,134.214 

355.012,390.6 

12,470.6 

14,404.4 

1938 

979 

.1 

12,526.1 

10,017.015,468.9 

17,173.1 13 

554.011,478.5 

15,498.1 

15,139.6 

1939 

983 

.9 

10,700.0 

8,146.8 13,558.1 

15,083.413 

940.912,148.0 

16,550.4 

16,076.1 

1940 

981 

.8 

10,025.1 

8,781.713,168.5 

14,192.314 

926.911,859.4 

15,371.4 

16,152.6 

1941 

1.041 

.5 

12,528.8 

11,920.314,280.4 

17,114.414 

242.816,297.5 

14;905.3 

16,997.4 

Average 

1,088 

.5 

11,291.5 

9,403.7 15,093.7 

15,739.414 

,203.812,834.8 

14,959.2 

15,754.1 

per year 









■Average 

1,088 

.5 


4.0,347.6 

15,416.6 

13,519.3 


15,356.7 

per field 




i 






Peat oxidized, mgm. 


1937-1941 I 631.3 j } 6,001. 7j | 8,941.6! | 7,841.2 1 8,906.8 

TABLE 4 


Analysis of peat samples taken inside and outside cylinders, May 1941 


WATER 

SAMPLE 

.. 

INSIDE CYLINDERS 



OUTSIDE CYLINDERS 


TABLE 

LEVELS 

DEPTH 

p¥ 

Dry 

matter 

Ash 

NOa— N 

NHr-N 

pH 

Dry 

matter 

Ash 

NOr-N 

NHs— N 

inches 

inches 


per cent 

per cent 

lbs./ A. 

lbs./ A. 


per cent 

per cent 

lbs./ A. 

lbs./ A. 

24 

0-12 

4.95 

27.08 

11.80 

350 

9 

5.05 

30.59 

10.36 

20 

15 


13-18 

5.25 

24.84 

12.48 

350 

IS 

5.45 

20.12 

15.70 

55 

18 

36 

0-12 

6,40 

31.53 

12.62 

6 

13 

5.15 

35.53 

10.57 

30 

18 


13-24 

6.40 

22.72 

13.29 

0 

15 

5.70 

24.17 

12.03 

40 

18 

36 1 

0-12 

5.25 

24.12 

12.43 

500 

IS 

5.30 

29.59 

41.50 

100 

18 

(vari- . 
able) , ! 

13-24 

5.25 

23.68 

12.17 

500 

13 

5.85 

22.93 

10.54 

150 

25 

24-36 • 

0-12 

6.25 

20.66 

11.29 

10 

18 

5.30 

30.43 

11.09 

5 

15 


13-24 

6.35 

17.76 

11.48 

No 

trace 

25 

5.40 

18.61 

10.53 

10 

18 


vious to 1935 a 24-incli water table had been maintained in the area for 6 years 

bus the land had not been plowed. The data of tables 3, 4, and 5 show that 
ojddation processes are active in a \drgin area of that natui'e, causing the surface 
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layers of the peat to change from the original brown fibrous appearance to that of 
a blacker more plastic peat. When such an area is plowed, moled, and culti- 
vated, the surface is compacted and the volume weight of the peat is increased, as 
evidenced in the soil-weight data for 1935 in table 6. 

Table 7 show^s the changes in volume weight and ash for a 6-year period as ob- 
tained from the data of table 6 for the fields of 12-, and 24-, and 36-inch water 

TABLE 5 

Amownts of carboTi dioxide collected fTom peat in cylinders set in 1937 and in those reset in 19Ifl 


CARBON DIOXIDE COLLECTED 


COLLECTION 

DATES 

Water 

table 

12 inches 

Water table 

24 inches 

Water table 

36 inches 

Water table 

36 inches variable 

Water table 

24-36 inches 


Cylinder 

reset 

Original 

cylinder 

Cylinder 

reset 

Original 

cylinder 

Cylinder 

reset 

Original 

cylinder 

Cylinder 

reset 

Original 

cylinder 

Cylinder 

reset 


mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

1941 










May 30. . . . 

36.6 

575.3 

538.0 

664.0 

769.8 

227.7 

779.2 

429.6 

601.0 

June 13 — 

25.7 

611.2 

431.6 

695.2 

736.6 

655.9 

702.0 

558.3 

618.6 

25.... 

41.3 

504.8 

538.0 

568.5 

750.8 

679.0 

733.8 

699.3 

594.9 

July 9.... 

36.6 

533.3 

566.5 

686.4 

732.5 

672.2 

744.0 

681.7 

^ 645.8 

23.... 

31.8 

546.1 

620.0 

639.7 

821.3 

210.1 

709.4 

832.8 

773.1 

Aug. 11 — 

27.1 

517.7 

552.9 

681.7 

767.7 

659.3 

744.0 

666.8 

888.3 

25.... 

39.3 

563.8 

582.7 

489.2 

940.5 

689.8 

827.3 

603.7 

849.7 

Sept. 8... 

31.2 

532.6 

611.9 

652.5 

858.5 

727.1 

723.0 

613.9 

790.8 

23... 

25.1 

573.2 

592.2 

699.3 

696.6 

683.0 

769.8 

525.1 

733.8 

Oct. 14... 

29.8 

491.9 

496.0 

695.2 

681.7 

632.9 

732.5 

572.6 

659.3 

Nov. 3... 

31.2 

467.5 

446.5 

463.5 

851.7 

503.5 

526.5 

498.7 

741.3 

17... 

12.2 

542.8 

530.6 

632.9 

763.0 

699.3 

855.1 

611.2 

716.1) 

Dec. 10... 

73.2 

587.5 

498.0 

355.1 

814.5 

636.3 

562.4 

918.8 

826.7 

23... 

31.2 

546.1 

517.7 

787.4 

866.0 

699.3 

831.4 

600.4 

682.3 

1942 










Jan. 9... 

42.0 

424.2 

432.3 

611.2 

607.1 

657.9 

677.6 

723.0 

858.6 

23... 

17.6 

502.8 

393.0 

520.4 

656.6 

627.5 

688.4 

568.5 

721.6 

Feb. 2... 

21.0 

433.0 

391.7 

425.5 

523.1 

496.7 

456.0 

660.7 

667.4 

16... 

71.8 

449.9 

405.9 

533.3 

677.6 

505.5 

566.5 

549.5 

563.1 

Mar. 13... 

82.7 

512.3 

420.8 

652.5 

621,4 

598.3 

633.6 

613.9 

691.8 

Apr. 3... 

58.3 

465.5 

456.7 

543.4 

514.3 

520.4 

553.6 

684.8 

651.9 

17... 

75.2 

i 467.5 

446.5 

463.5 

> 641.7 

503.5 

> 526.5 

498.7 

741.3 

May 3. . . 

63.0 

1 530.6 

550.2 

700.0 

1 590.9 

1 668.1 

692.5 

. 603.1 

658.6 

18... 

67.1 

473.0 

425.5 

> 673.5 

> 571.2 

! 681.0 

^ 633.6 

> 681.7 

757.6 

June 5. . . 

70.5 

. 676.2 

475.0 

1 446.5 

> 659.3 

1 608.5 

i 628.8 

i 608.5 

i 563.1 

Totals 

1,041.5 

>12,528.8 

11,920.2 

! 14,280.4 

: 17,114.^ 

M4,242.3 

; 16,297.5 

>14,905.8 

ae, 997.4 


table levels. The field referred to as the 36-iiich variable, is one in which the 
water table was periodically raised near to the snrf ace and then dropped back to 
the SG-inch level. As shoTO in table 7 the volume weight of the top 6 inches in- 
creased slightly in three of the fields and decreased in the fourth. The ash con- 
tent increased somewhat in all four fields, but like the volume weights, the 
changes were not consistent with the variation in water table levels. It is prob- 
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able that both volume weight and ash are slowly increasing in the surface layers 
of culth’'ated Everglades peat in which the water table is kept well below the sur- 

TABLE 6 


Volume weight and ash {oven-dry basis) of feat at different levels in water table plots in 19SSj 

1989, and 194-1 


WATER TABLE 
BEPTH 

SOIL depth 

SOIL WEIGHT PER CUBIC ROOT 

SOIL ASH 

1935 

1939 

1941 

1935 

1939 

1941 

inches 

inches 

lbs. 

lbs. 

lbs. 

per cent 

per cent 

per cent 

12 

1-6 

16.2 

15.6 

18.2 

10.15 

12.74 

12.69 


7-12 

11.3 

12.9 

10.4 

11.11 

12.18 

14.69 


13-18 

12.0 

10.9 

11.9 

18.65 

15.27 

18.43 


19-24 

10.2 

9.3 

13.2 

11.90 

16.00 

13.49 

24 

1-6 

19.1 

18.1 

18.0 

10.34 

10.86 

11.21 


7-12 

14.4 

15.5 

11.5 

11.16 

11.20 

12.66 


13-18 

10.7 

11.1 

11.3 

11.71 

16.62 

17.25 


19-24 

11.6 

9.7 

i 

00 

17.72 

14.37 

10.38 

36 

1-6 

17.4 

18.6 

17.6 

9.79 

10.66 

12.29 


7-12 

12.5 

11.4 

14.4 

9.15 

13.06 

16,85 


13-18 

11.8 

11.7 

8.8 

19.70 

16.67 

11.38 


19-24 

8.9 

10.0 

7.9 

9.03 

9.60 

12.30 

36 

1-6 

18.0 

19.2 

20.4 

9.53 

10.37 

12.11 

(variable) 

7-12 

11.5 

12.2 

12.5 

10.27 

12.91 

18.17 


13-18 

11.8 

10.9 

8.5 

15.49 

19.72 

11.17 


19-24 

8.7 

8.5 

7.9 

10.43 

10.17 

11.73 


TABLE 7 

Annual soil loss by oxidation and surface subsidence for 5 years and change in volume weight 
and in ash for an additional year for peat fields held at different water table levels 


tACTORS DETERMINED 

WATER TABLE LEVELS OP FIELDS 

12 inches 

24 inches 

36 inches* 

36 inches* 
variable 

Soil loss per field cylinder annually in 5-year period 

0.63 

6.01 

8.94 

7.80 

Surface subsidence annually for 5-year period 

0.65 

1.46 

1.80 

1.66 

Increase or decrease in weight per cubic foot of peat 
of top 6 inches for 6-year period lbs. 

2.0 

-1.1 

0.2 

2.4 

Increase in ash of top 6 inches of peat for 6-year 
period. per cent 

2.54 

0.87 

2.50 

2,58 


* The water table levels in these fields averaged 4 inches less than 36 because of inability 
to keep the ieveis lower after the surface had subsided several inches. 


face, but in the present instance the data were not based on enough replicated 
samples (duplicates only) to compensate for variations in samples and for the 
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errors of determination. The high and irregular ash of the 13-184iich section is 
due to the plastic layer piesent in that zone and to some extent in the zones abo^e 
and below. 

In contrast to the irre^lar results for volume weight and ash, the average 
yearly subsidence and oxidation losses increased consistently with increase in 
water table level (table 7). These data show that under the conditions of the 
experiment an increase in depth of water table caused a greater increase in loss of 
peat by oxidation than of subsidence or diminution of the surface level. On the 
other hand, the amount of peat lost as measured by the oxidation that took place 
in the cylinders accounted for only a small part of the actual loss as indicated by 
the subsidence. Nor can the apparent disappearance of the peat be accounted 
for by compaction, since there was no appreciable increase in volume weight. 
The subsidence is proof that considerable loss occurs where the water table 
level is 24 to 36 inches below the surface, and it may be inferred that the rate of 
oxidation was less in the peat enclosed in the cylinders than in that not enclosed. 

SUMMARY AND CONCLUSIONS 

Equipment for the measurement of oxidation taking place in peat m situ was 
installed in fields of Everglades peat in which the w^ater table levels were under 
constant control. 

Several preliminary experiments were conducted to determine how much to 
aerate the columns of peat so as to keep the atmosphere in the enclosed peat 
similar to that of the surrounding masses. The amount of air drawn through the 
columns w^as made to vary with the particular water level of the field, since tlie 
height of the water table determined the length and hence the volume of the 
column. 

Hydrothermographs were used to obtain a record of the elTect of height of 
water table on the temperature of the peat at different levels below the surface, 
as W'ell as to ascertain the temperature of the peat throughout the year, since 
temperature is known to affect greatly the rate of oxidation of peat. 

By means of controlled aeration the carbon dioxide produced in the columns of 
peat W' as determined for a 5-year period. For a given column the amounts ob- 
tained did not vary much from year to year, nor were the variatioBs excessive 
between duplicate columns. The rate of oxidation of the peat as shown by pro- 
duction of carbon dioxide depended strikingly upon the height of the water 
table. Thus the production in the columns located on the fields with the 24- and 
36-inch tables was approximately nine and fourteen times greater, respectively, 
than that in columns in the field mth a 12-inch water table. Oxidation of the 
peat in a field with a 24-36-inch water table that had never been plowed was 
equal to that of the peat in the cultivated field with a 36-inch water table. 

The subsidence or diminution of the surface of the peat of these fields was in 
direct relation to the amount of oxidation as measured in the enclosed columns. 
The subsidence indicated a greater loss of peat than was accounted for by the 
carbon dioxide that was collected from the columns. Parallel studies of the 
changes in volume weight and ash of the peat of the cultivated fields showed that 
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the losses of peat could be attributed only slightly to compaction. It is probable 
that despite the attempt to keep the oxygen-carbon dioxide ratio of the peat in 
the columns similar to that without, the aeration of the columns was not sufficient 
to permit a fully normal rate of oxidation. The volume weight and ash studies 
indicate, however, that the subsidence of the peat was caused mostly by losses 
resulting from oxidation; and the experiments demonstrate that the amount of 
oxidation depends upon the height of the water table. 

REFERENCES 

(1) Allison, R. V., Bryan, 0. C., and Hunter, J. H. 1927 The stimulation of plant 

response on raw peat soils of the Florida Everglades through the use of copper 
sulfate and other chemicals. Fla. Agr. Exp. Sta. 

(2) Allison, R. V., and Clayton, B. S. 1934 Water control investigations. Fla. Agr. 

Exp. Sia. Ann. Rpt. 1934: 94-95. 

(3) Clayton, B. S., and Neller, J. R. 1941 Water control investigations; subsidence 

of peat. Fla. Agr. Exp. Sia. Ann. Rpt. 1941: 163-164. 

(4) Clayton, B. S., Neller, J. R., and Allison, R. V. 1942 Water control in the peat 

and muck soils of the Florida Everglades. Fla. Agr. Exp. Sta. Bui. 378: 1-74. 

(5) Neller, J. R. Significance of the composition of soil air in Everglades peat land. 

Proc. Soil Sci. Soc. Anier. 1943. (In press.) 


A METHOD FOR DETERMINING THE TOTAL EXCHANGEABLE 

BASES OF SOILS 
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National Ij nwer&iiy of Chekian-g 
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In the determination of total exchangeable bases of soils, the bases are usually 
removed from the exchange complex by electrodialysis or by leaching ?dth norma! 
salt solutions or dilute acid solutions. The use of half-normal acetic acid as the 
leaching solution, recently proposed by Whliamsh has gained much favor in soil 
laboratories. Acetic acid is easily expelled by evaporation, and ignition of the 
residue converts the replaced bases into oxides and carbonates, the value of which 
can be accurately determined by titrating mth a standard acid. The Williams 
method, however, is time-consuming and liable to error due to contamination. 
Whether the bases obtained by the Williams method of leaching represent the 
theoretical total exchangeable bases contained in the soil is another point re- 
quiring careful examination. The following experiments were carried out with 
these questions in mind. 

SOME CRITICAL STUDIES ON THE WILLIAMS METHOD 

Ten-gram soil samples were first leached with 400 cc. of 0.5 N acetic acid. 
Several additional 200-cc. aliquots of the leachate wTre then collected suc- 
cessively from the same soil samples. The total exchangeable bases \?ere de- 
termined in the separate leachates. Williams’ procedures were closely followed 
except that 0.1 iV sulfuric acid w^as used in place of 0.1 N hydrochloric acid in the 
final titrations. The results of this experiment are recorded in table 1. 

Soils 1 and 2 were taken from two successive horizons of a slightly podzolized 
yellow earth profile near Meitan. Soils 3, 4, and 5 were taken from three suc- 
cessive horizons of a rendzina soil profile near Meitan. Soils 6 and 7 were taken 
from two red earth profiles near Meitan. Soil 8 w^as taken from a vegetable 
garden in Tzun Yi. 

The value obtained from the first 400-cc. leachate of each soil corresponds to 
the Williams value of total exchangeable bases. It will be seen that, in every 
case, by leaching the soil with more 0.5 N acetic acid than w^as prescribed by Wil- 
liams, more exchangeable bases were removed from the soils. In several cases, 
even leaching the soil with 1200 cc. of 0.5 N acetic acid failed to effect complete 
removal of the total exchangeable bases. The difficulty of replacing all the ex- 
changeable bases is especially obvious in the case of the garden soil. 

EXPERIMENTS WITH THE SOXHLET APPARATUS 

Since replacement of all the exchangeable bases by leaching with 0.5 iV acetic 
acid was realized to be difficult, an attempt w^as made to effect more complete 
extraction by the Soxhlet extractor. The emplojunent of this apparatus with a 

1 Williams, E. 1928 Jour. Agr. Soi. 18 : 439-445. 
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sliglit modification was first reported by Salminen^ in determining water-soluble 
electrolytes in soils. Heretofore, its use in studies of base-exchange problems 
has been unknown. 

The apparatus used in the present study is that commonly employed for fat 
analysis. The extracting tube has a capacity of about 40 cc. and is connected 
with all-glass joints. In order to prevent dust particles or other impurities from 
entering the apparatus, a small XJ-shaped glass tube was joined to the upper end 
of the condenser by means of a rubber tube. The soil sample was loosely 
wrapped in an ashless filter paper and placed in the extracting tube. The ex- 
tracting solution was poured into the extracting bottle. It was then heated to 
boiling. The boiling was regulated to have four to five back-flowings per hour. 
At the end of each hour, the solution in the whole extraction apparatus was 
emptied and analy25ed for total exchangeable bases. Preliminary tests showed 
that during the extraction, the temperature of the extracting solution was main- 

TABLE 1 

Effectiveness of 0.6 N acetic acid in replacing exchangeable bases of soils 


TOTAI. BASES BOUND WHEN VOLUME OB LEACHATES AMOUNTED TO* 


SOIL NUMBEE 



400 cc. 

600 cc. 

800 cc. 

1000 cc. 

1200 cc. 


m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

1 

9.36 

10.07 

10.51 

10.61 

10.94 

2 

6.59 

7.05 

1 7.59 

7.77 

8.03 

3 

12.18 

13.14 

13.58 

13.83 

14.05 

4 

8.54 

9.06 

9.82 

10.04 

10.08 

5 - 

7.94 

8.78 

9.28 

9.48 

9.68 

6 

8.57 

9.12 ‘ 

9.64 

9.72 

9.86 

7 

8.14 

9.08 

9.53 

9.73 

9.88 

8 

31.10 

32.88 

33,86 

34.05 

34.40 


* Bases ia m.e. per 100 gm. soil. Volume of leachates per 10-gm. soil sample. 


tained at abo\it 70® C. and never exceeded 75® C. The loss of acetic acid vapor 
through the condenser amounted to only a few milliequivalents in each case. 
The results of these extractions are presented in table 2. 

It 'will be seen that by extracting the soil with dilute acetic acid in the Soxhlet 
apparatus, the quantity of exchangeable bases removed increased with the time of 
extraction. The greater the ratio between the soil and the extracting reagent, 
the steadier was the rate of increase. Thus, by extracting 10, 5, and 2.5 gm. of 
soil 1 with ICK) cc. of 0.5 N acetic acid for 6 hours, the amounts of total exchange- 
able bases obtained were 7.51, 9.2, and 10.12 m.e. per 100 gm. of soil respectively. 
Decn^ing the strength of the extracting reagent also decreased the amount of 
total exchangeable bases removed within a definite period. Thus, extracting 
2.5 gm. of soil 1 with 100 cc. of 0.1 N acetic acid for 6 hours removed only 9.58 
m.e. of exchangeable bases from 100 gm. of soil. Again, this state of affairs was 
especially noticeable in the case of the humus-rich garden soil. It is to be noted 
further that even extracting the soils for 9 hours did not exhaust all the ex- 

^ Salminen, A. 1928 Proc, First fnternatl. Cong. Soil Sci. 2i^2^-Z^Z. 
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changeable bases. Nevertheless, continuing the extraction after the 6-hour 
period gave less additional increase of exchangeable bases, indicating that the 
ultimate value was probably being approached. 


METHOD 

SOIL Qp 

NUMBER traction* j 


TABLE 2 


3 hrs. j 4 hrs. 




lion with Soxhle! 

1 

apparalus 

SOXHLET APPARATUS 

6 hrs. 

7 hrs. i 

8 hrs. 1 

9 hrs. 

7.51 

7.61 

7 . 74 


9.20 

9. 82 1 

10.24 


10.12 

10.57 

10.69 


9.58 

9.94 

10.22 


6.23 




6.86 

7.41 

7.89 


8.30 

S .76 

8.98 


7.85 

8.48 



13.30 

13.72 



13.30 

13.90 



14.08 




13.84 

14.24 



9.51 




9.23 

10.02 

10.61 

10 . ss 

10.53 

10.76 



9.54 

9.68 


! 

6.95 




9.26 

9.76 

10.60 

10.90 

9.90 

10.22 



9.16 

9.76 



8.52 




8.88 

9.12 



9.93 

10.55 



9.23 

9.56 



7.03 




8.14 

8.76 

9.23 


9.57 

10.10 



8.34 

8.82 



21.90 

23 . 70 ' 

26 . 17 : 

26 . 89 ' , ' ''i 

32.10 

33.46 

35.20 

36.05 

37.20 

37,42 



29.76 

'' 31.56 

33.08 

., 34 , 28 . ' ' 


* A, B, C =« 10, 5;and 2.5 gm. soil extracted with 100 cc. 0.5 *¥ acetic acid; D 
soil extracted with 0.1 iV* acetic acid. 
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The Soxhlet extraction method is simple of manipulation. The extraction 
takes place in an enclosed system, and contaminations from outside sources are 
impossible. The quantity of acetic acid used in the extraction is less than that 
required by the Williams method of leaching; consequently the time required 
for evaporation is much shorter, and chances of contamination are further mini- 
mized. The only disadvantage is the prolonged extraction necessary for a com- 
plete removal of the exchangeable bases. This difficulty could be easily over- 
come, however, by carrying out the extraction overnight in an electrically heated 
Soxhlet apparatus. The 0.1 N acetic acid seems to be preferable to the 0.5 N, 
as it has less solvent effect on the exchangeable complex. This is evidenced by 
the fact that yellow specks remained after ignition of the dried residues from the 
0.5 N acetic acid extraction, whereas the residue from the 0.1 iV acetic acid ex- 
traction gave no such specks and dissolved completely in the standard sulfuric 
acid. 


SUMMARY 

A critical study of the Williams method of determining total exchangeable 
bases of soils showed that the leaching of 10 gm. of soil with 400 cc. of 0.5 N 
acetic acid failed to replace all the exchangeable bases. The procedure is tedious, 
time-consuming, and liable to errors due to contamination. A simple and more 
reliable method of extracting the soil in a Soxhlet apparatus is proposed. 


PHYSICOCHEMICAL PROPERTIES OF FERROALUMINOSILCATES 

AS ALLIED TO SOILS 

AMAR NATH PURI, BALWANT RAI, and R. P. VERMA 
Panjab University Institute of Chemistry, Lahore, India 
Received for publication March 6, 1944 

The soil, in a broad sense, consists of the mineral framework and of salts, or- 
ganic matter, and water in varying (Quantities. The mineral material is by far 
the most important from the point of view of soil genesis. It consists of mineral 
fragments of the parent rock in various stages of disintegration brought about by 
weathering agencies such as frost and sno\v, wind and rain. 

Clay may be regarded as a weak electrolyte, as it is built up of acidic and basic 
radicals. In fact, a silicate clay may, for all practical purposes, be considered 
as a salt made up of a great number of positive radicals and of a veiy complex 
iron and aluminum silicate acid radical which is insoluble, stable, and highly 
hydrated. Clay can enter into double decomposition with other salts, the cat- 
ions being exchanged in equivalent quantities. The senior author, in a series 
of papers, has showm that a clay suspension behaves like a weak electrolyte in a 
variety of waj^s. For example, its cations undergo reactions involving precipi- 
tations and double decompositions that are no different from similar reactions 
of soluble salts (10). The separation of its cations and anions by electric current 
(electrodiatysis) is no different fundamentally from ordinary electrolysis of solu- 
ble salts, and its polarographic current voltage curves are no different from similar 
curves for soluble salts (11). 

The rapidity with which the exchange of the cation takes place when clay 
is brought into contact with a salt solution suggests that the clay cations are all 
on the surface of the particles. This is also indicated by the fact that clay sus- 
pended in water develops an electronegative charge, as would be expected if 
some of the cations ionize on the surface. With the increase in surface exposed by 
particles, increase in base exchange and other physicochemical properties of soil 
is to be expected. 

The exact constitution of the complex anion (the ‘"acidoid” to retain Michaelis' 
term), the core of the particle, is still obscure, and very little is known regarding 
the form in which the hydrous oxides of silicon, iron, and aluminum exist in soO. 
Glay is stable as long as it is fairly well saturated with the bases, but its stability 
decreases as some of the bases are removed, and 'when the pH falls below a certain 
value it tends to give up iron and aluminum oxides. From the literature dealing 
with this subject it appears that most investigators assume the existence of com- 
binations in the form of hydrous silicates. Although some look upon these com- 
binations as definite compounds of the nature of kaolinite silicates of higher 
molecular ratio, others look upon them as adsorption compounds of uncertain 
composition formed by the mutual precipitation of the colloidal oxides of op- 
posite sign of charge (2, 21, 23). 
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Bradfield ( 3 ) prepared an artificial mixture of the colloidal oxides (Si 02 , 
Al203,Fe203, etc.) in the proportion in which he found them to be present in a typical 
sample of clay and compared the properties of the mixture with those of the clay. 
The properties were found to be entirely different, inasmuch as the natural col- 
loid (clay) was electronegative, whereas the mixture was electropositive. Fur- 
thermore, the mixture had much stronger buffer action than the natural colloid. 
Bradfield, therefore, concluded that the natural colloid is not a mixture of colloidal 
oxides. He also argued that since natural clay is flocculated most easily in an 
acid medium, it cannot contain much free silica. It thus seems highly probable 
that the clay acidoid is a complex aluminosilicate. After a detailed study of 
various samples, Bradfield gave the molecular ratio of alumina and silica as 1:3 
and assigned to the acidoid a dissociation constant of the same order as carbonic 
acid ( 4 ). Puri and Asghar ( 12 ) calculated values of dissociation constants of 
free acidoids from which the bases had been removed altogether, and found some 
of them to be as strong as acetic acid, though the majority were found to be only 
slightly weaker than uric acid. 

There is little doubt that in clay we are dealing with ferroaluminosilicates and 
that the free acidoid (SiO-i) valencies uncombined with the ampholytoid (Fe203, 
AI2O3) valencies constitute the seat of cation exchange. These acidic properties 
are intensified in the presence of humic acid in natural soils. We are still 
not in a position, however, to demonstrate an exact parallelism between the 
properties of ferroaluminosilicates and soil colloids. Raychaudhuri ( 20 ) recently 
made a useful contribution to the subject by studying the electrokinetic and the 
cation and anion exchange properties of synthetic aluminosilicates of varying 
Si02/R203 ratios and comparing them with similar properties of natural clays 
like kaolin and limonite. The synthetic aluminosilicates were prepared by mix- 
ing silicic acid and aluminum hydroxide sols in varying proportions. No other 
serious attempt seems to have been made to study exhaustively the various 
physicochemical properties of these compounds and to show that the simplest 
iron and aluminum silicates prepared in the laboratory do exhibit all the essential 
properties characteristic of the clay complex in the soil. 

In the investigations described in the present paper, some of the characteristic 
physicochemical properties common to soil colloids were studied in several mix- 
tures of ferroaluminosilicates of vaiying composition. The paper shows how 
closely the mixtures, subject to the limitations inherent in a laboratory product, 
resemble the soil colloids in essential respects. 

EXPERIMENTAL 

Preparation and preliminary treatment of ferroaluminosilicates 

Mixtures of varying silica, alumina, and ferric oxide ratios were prepared by 
adding solutions of different concentrations of ferric and aluminum silicate. 
The precipitates were washed over Buchner funnels with 0.05 N HCl to remove 
uureacted sodium silicate and exchangeable cations, if any, then with distilled 
water until free from chloride ions, and finally with alcohol. The precipitates 
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were then dried. The chemical composition of the mixtures as determined by the 
usual methods of analysis is given in table 1. 

The following properties of the mixtures were studied: mechanical analysis, 
moisture absorption at various humidities, catalytic activity of acidoids, titra- 
tion curves, and ammonia absorption. 

Mechanical analysis 

The determination of clay and ultraclay particles is of particular importance 
in the mechanical analysis of soils, as these particles alone are supposed to be 
responsible for the base-exchange properties and the colloidal behavior of soils. 

As the mineral particles of soils exist largely in the form of aggregates, the con- 
stituent particles of which are held together by cementing colloidal materials, a 
sample, before being subjected to mechanical analysis, must be dispersed, i.e., 
the aggregates must be resolved into ultimate primary units. Several methods, 

TABLE 1 


Chemical analysis of ferroaluminosilicate mixtures'^ 


MIXTURE NUMBER 

FesOa 

AI2O3 

Si02 

Si02 

FeaO;* + AI2O3 


per cent 

per cent 

per cent 


1 

19.3 

0.00 

55.7 

2.89 

2 

13.7 

3.2 

55.5 

3.28 

3 

11.3 

6.3 

57.2 

3.25 

4 

9.7 

8.3 

58.4 

3.25 

5 

9.5 

8.7 

59.8 

3.28 

6 

9.4 

9.6 

62.5 

3.29 

7 

5.4 

11.3 

66.3 

3.97 

8 

3.3 

13.9 

71.2 

4.14 

9 

0.0 

15.4 

76.0 

4.94 


* The difference between 100 per cent and the total constituents of each mixture is due 
to water of hydration. 


both mechanical and chemical, for dispersing soils are known. In order to find 
a suitable method for dispersing ferroaluminosilicates, the following methods, 
often used in soil analyses, were tried on one of the mixtures: 

1. Shaking the suspension for 24 hours in a mechanical shaker with enough NaOH to 

raise the pH value to 10.8 (14) . 

2. Wet-grinding of the mixture with a rubber pestle and subsequent shaking for 24 

hours in a mechanical shaker (8) . 

3. Same as method 2 but enough NaOH added to raise the pH value to 10.8 before 

shaking. 

4. Shaking for 24 hours with coarse sand (1 mm. diameter) to the amount of fivefold 

the weight of the sample (19) . 

5. Same as methods but enough NaOH added to bring the pH value to 10.8 before 

shaking. 

The results of mechanical analysis, determined by means of the ehainohydrom- 
eter (16) are given in table 2. It will be seen that metliods 1,3, and 5 are about 
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equally efficient, whereas the purely mechanical methods 2 and 4 do not produce 
maximum dispersion but give a state of aggregation which is the same in both 
cases. 

It has been shown (17) that various methods of soil dispersion which are equally 
efficient if reckoned on the basis of conventional clay (0.002 mm.) may give 
entirely different size distributions in the ultraclay region. In order, therefore, 
to determine how these three methods compare so far as dispersion of ultraelay 
is concerned, the suspensions obtained by methods 1, 3, and 5 were subjected to 
ultramechanical analysis by the micropipette technique (18). The results, 

TABLE 2 


Mechanical analysis of ferroaluminosilicaie mixture 4 dispersed by various methods 


METHOD OF 

SimL-kTION PERCENTAGES OF PARTICLES OF VARIOUS SIZES 

DISPERSION* 

0.06 mm. 

0.02 mm. 

0.01 mm. 

0.005 mm. 

0.002 mm. 

1 ' 

78.4 

43.9 

28.2 

17.2 ! 

14.15 

2 

83.9 

44,05 

7.6 

6.8 

2.1 

3 1 

73.1 1 

45.1 

31.1 

17.9 i 

14.7 

4 • 

85.5 1 

44.0 

8.0 

7.1 ! 

1.75 

5 

76.0 ' 

44.0 

32.7 

27.6 * 

16.90 


* See text for description of methods . 


TABLE 3 

Ultramechanical analysis of mixture 4 dispersed by various methods 


METHOD OF DISPERSION* 

1 SUMMATION PERCENTAGES OF PARTICLES OF VARIOUS SIZES 

0.00 1 mm. 

0.00063 mm. 

0.00025 mm. 

1 

0.0 

0.0 

0.0 

2 

1.9 

0.8 

0.0 

3 

4.4 

3.6 

2.1 


* See text for description of methods. 


given in table 3, show clearly that Method 3 is the most efficient. The total 
dispersion in the ultraclay region, however, is still very low. 

For silicate mixtures, thus, we find that the chemical method of dispersion is 
successful only when some preliminary mechanical treatment such as grinding 
with a rubber pestle has been given. Soils, on the other hand, disperse to the 
maximum degree when they are merely left in contact with water containing 
enough NaOH to raise their pH values to 10.8. No subsequent shaking and no 
preliminary mechanical treatment are needed (14). This is shown by the results 
in table 4, which were obtained by dispersing an acid-treated soil by shaking ; with 
NaOH at pH 10.8 with and without the preliminary grinding with a rubber pestle. 
The two sets of values for various ultraclay fractions are almost identical. 

This difference in the two eases is probably due to the fact that the mixtures 
of the silicates prepared in the laboratory have not undergone natural disintegra- 
tion and weathering as have the soils. In fact, grinding with a rubber pestle as 
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a preliminary mechanical treatment may not be sufficiently drastic to put these 
mixtures on the same footing as natural soil. 

A more drastic mechanical treatment, grinding in a colloid mill, was also tried 
on the mixtures of silicates. The colloid mill was a mechanically driven agate 
pestle and mortar which gave efficient and thorough grinding of the material. 
The time of grinding required for the maximum effect was determined by taking 
a 5-gm. portion of a mixture, working it into a thin paste with water, and sub- 
jecting it to the action of the colloid mill for various intervals of time. The 
ground material, in each case, was transferred to a separate bottle and shaken 
mth the requisite amount of alkali for 24 hours as usual. The results are given 

TABLE 4 

Effect of preliminary grinding on ultramechanical analysis of soil P. C. IS 


SUMMATION PERCENTAGES OP PARTICLES OF VARIOUS SIZES 



0.002 

mm. 

0.001 

mm. 

0.00025 

mm. 

0.0001 

mm. 

0.000063 

mm. 

0.00004 

mm. 

No preliminary mechanical treat- 
ment 

59.2 

58.6 

50.2 

45.8 

36.8 

26.4 

Preliminary treatment with rubber 
pestle. 

59.7 

57.8 

50.6 

46.4 

1 36.2 

1 25.7 


TABLE 5 


Effect of time of grinding in a colloid mill upon dispersion of silicate 7mxhire 4 


SUMMATION PERCENTAGES OF PARTICLES OF VARIOUS SIZES 


TIME OF 


GRINDING j 

0.01 mm. 

0.005 mm. 

; 0.002 mm. 

0.001 mm. 

0.00025 mm. 

0.0001 mm. 

0.000063 

mm. 

minutes 

15 

61.4 

45.2 

27.3 

20.3 

8.1 

5.1 

1.9 

30 

67.3 

51.4 

33.6 

23.5 

9.3 

7.2 

3.2 

60 

77.9 

66,5 

49.9 

32.8 

12.9 

10.3 

4.1 

120 

76.5 

67.2 

48.5 

31.7 

12.1 

9.8 

3.5 


in table 5 and show that 1 hour of grinding is required to produce the maximum 
effect. Further grinding does not increase the dispersion. 

The various mixtures were then dispersed by rubbing with a rubber pestle 
and by grinding in a colloid mill for 1 hour as mechanical treatments preliminary 
to chemical dispersion (shaking with NaOH at pH 10.8) and were subjected to 
complete mechanical and ultramechanical analyses. The results are given in 
tables 6 and 7. 

Another set of each of these mixtures was subjected to grinding in a colloid 
mill for 1 hour and then air-dried. It was redispersed by grinding with a rubber 
pestle followed by shaking with NaOH for 24 hours. The results of the me- 
chanical analysis are included in table 7. 

Comparison of the results in table 6 and those in the upper rows of the differ- 
ent mixtures shows that preliminary grinding in a colloid mill produces far more 


TABLE 6 

Mechaiiical analysis of silicates dis'persed by grinding with a rubber pestle and shaking with 

alkali at pH 10,8 


MIXTURE 

NUMBER 


SUMMATION PERCENTAGES OF PARTICLES OF VARIOUS SIZES 



0.06 mm. 

0.02 mm. 

0.01 mm. 

0.005 mm. 

0,002 mm. 

0.001 mm. 

0.00063 

mm. 

0.00025 

mm. 

0.0001 

mm. 

1 

75.2 

48.8 

24.5 

19.9 

16.5 

5.5 

3.9 

2.3 

1.5 

2 

75.9 

37.2 

23.5 

20.7 

16.3 

4.4 

3.6 

2.0 

1.3 

3 

75.9 

37.2 

28.7 

17,3 

13.5 

4.9 

3.7 

2.3 

1.7 

4 

74.1 

44,9 

41,6 

17.9 

14.3 

4.7 

3.6 

2.1 

1.7 

5 

74.5 

44.3 ^ 

39.9 

16.7 

12.3 

3.7 

2.3 

1.5 

0.7 

6 

78.7 

49.8 

30.6 

16.9 

12.1 

2.5 

1.5 

0.8 

0.6 

7 

77.9 

50.8 

32.3 

15.3 

10.5 

2.3 

1.0 

0.6 

0.2 

8 

79.3 

51.2 

33.6 

12.7 

7.8 

2.1 

1.2 

0.8 

0.5 

9 

83,4 

53.6 

33.9 

11.5 

8.4 

2.3 

1.0 

0.8 

0.5 


TABLE 7 

Mechanical analysis of silicates dispersed by grinding in a colloid mill and subsequent shaking 

with NaOH* 


SUMMATION PERCENTAGES OF PARTICLES OF VARIOUS SIZES 


MIXTURE 


NUMBER 

0.06 mm, 

0.02 mm. 

0.01 mm. 

0.005 

mm. 

0.002 

mm. 

0.001 

mm. 

0.00063 

mm. 

0.00025 

mm. 

0.0001 

mm. 

0.000063 

mm. 

1 

82.1 

75.3 

72.3 

71.1 

53.4 

38.4 


18.3 

12.3 

5.6 


79.3 

62.5 

49.2 

46.6 

33.7 

13.2 

8.5 

5.9 

4.9 

2.1 

2 

82.9 

77.4 

72.9 

71.5 

51.3 

36.5 

23.5 

16,2 

9.7 

4.2 


80.4 

65.3 

51.3 

43.3 

32.2 

13.1 

7,6 

5.4 

3.9 

1.5 

3 

85.3 

. 78.0 

75.9 

70.8 

48.7 

34.1 

21.2 

13.5 

9.3 

4.1 


81.9 

65.9 

53.5 

42.9 

31.9 

13.1 

6.3 

4.9 

3.8 

1.2 

4 

85.0 

79.3 

78.3 

67.3 

49.1 

32.1 

20.9 

12.1 

9.5 

3.6 


83.5 

67.7 

53.3 

42.1 

30.1 

11.4 

6.3 

4.5 

2.9 

1.6 

5 

87.3 

78.4 

78.3 


46.2 

30.1 

19.5 

10.6 

8.6 

3.6 


84.3 

67.9 

55.9 1 

40.3 

30.4 

8.5 

4.2 

3.3 

2.7 

0.7 

6 

87.4 

84.5 

76.6 

66,9 

43.0 

24.1 

15.3 

10.3 

8.2 

2.9 


85.9 

71.3 

58.6 

39.7 

28.1 

8.3 

3.3 

3.2 

2.1 

0.00 

7 1 

93.6 

83.9 

79.6 

65.3 

42.9 

22.2 

17.6 

9.6 

8.1 

2.3 

■i 

87.6 

72.3 

59.6 

38.2 

26.2 

8.4 

2.2 

2.9 

2.1 

0.5 

8 ■ 

97.4 ' 

85.6 

80.3 

65,4 

39.9 

19.3 

16.4 

9.4 * 

6.7 

2.2 


88.5 

73.6 

61.9 1 

i 

39.1 

24.3 

6.9 

2.4 

2.8 

1.9 

0,6 

9 

98.1 

85.9 

83.9 i 

54.3 

38.5 

19.5 

16.2 

9.2 

i 

5.3 

1.9 


; 88.6 ' 

73.9 

62.3 

37.2 1 

20.1 

6,2 

2.1 

2.1 

1.8 

0.4 


* The values in the lower row for each mixture were obtained by air-drying the mill- 
ground material and then dispersing it by means of the rubber pestle treatment before 
shaking witii alkali. 
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clay than does rubbing with a rubber pestle. Furthermore, the figures in table 7 
for mixtures subjected to mill-grinding as the only preliminary mechanical treat- 
ment differ considerably from the figures in the same table for mixtures subjected 
also to air-drying and regrinding with a rubber pestle. This is evidently due to the 
fact that grinding breaks down the aggregates into smaller particles which remain 
as such in the wet state but recombine on drying to form crumbs again. 

It will be seen from table 7 that the first four mixtures have approximate^?’ the 
same mechanical composition and the same amount of clay and ultraciay 
fractions. The succeeding mixtures contain decreasing amounts of clay as well 
as of ultraclay particles. The differences, however, are probably only apparent. 
As shown in table 1, the mixtures are numbered in the order of decreasing 
amounts of iron and increasing amounts of aluminum. It appears that when the 
aluminum content of a mixture increases beyond a certain limit, partical dissolu- 
tion of aluminum silicate takes place in the alkaline solution. This causes partial 
coagulation of the suspension, which is reflected in low values of clay and ultra- 
clay fractions. As the aluminum content of a mixture increases further, the 
dissolution and therefore the coagulation effects become more and more pro- 
nounced, resulting in further lowering of the values of clay and ultraclay frac- 
tions. As iron silicate resists the dissolution action of alkali, no such effect is 
noticed in mixtures rich in iron. Evidence on this point has been brought forth 
in these laboratories.^ 

In soils no such dissolution of aluminum takes place as long as the quantity of 
allcali added is not appreciably large and the pH does not rise much beyond 11. 
In fact, soils rich in aluminum yield fairly stable suspensions. This may be 
attributed to the fact that natural soil colloids contain complex (compound) 
ferroaluminosilicates, whereas laboratory silicates are simple mixtures of iron 
and aluminum silicates. Furthermore, ageing is likely to make soils compara- 
tively more resistant to the action of alkali. 

Soils are known to be completely dispersed at pH 10.8 (14). At lower pH 
values, the dispersion is small, and any rise in pH value gradually causes in- 
creased dispersion. 

In order to determine the dispersion of silicates at various pH values, four mix- 
tures were given preliminary treatment with a rubber pestle, and their 1 per cent 
suspensions w^ere prepared. The clay content (<0.002 mm.) was determined by 
means of the chainohydrometer in each case on the gradual addition of increasing 
amounts of NaOH. After each addition of NaOH the suspensions were put 
aside for 48 hours (with occasional shaking by hand) before the clay percentage 
was determined. The pH values of the suspensions were also noted at the same 
time by means of the glass electrode. The results are plotted in figure 1 . Dis- 
persion of an acid-treated soil at different pH values determined in the same 
manner as in the case of the silicate mixtures is also shown in figure 1. Ihe 
similarity of all the curves is very striking. Thus these mixtares behave like 
soils as far as dispersion is concerned. Just as dispersion in soils increases 
gradually with a rise in pH value and reaches a inaximiim at pH 10. B to 11.0, 

1 Dhawan, B. Solubility of sparingly soluble silicates of Fe and A1 in buffer solutions of 
acids and alkalies. (XJnpublislied niaster^s thesis, 1940.) 


216 


AMAR NATH PURI, BALWANT RAI, AND R. P. VERMA 


SO dispersion in mixtures continues to increase with the pH value, to about 10, 
at which point the increase becomes more abrupt and is continued until the maxi- 
mum value of clay is attained at about pH 11. 



Fig . 1 . Dispersion op Fereoaluminosilicates (after Grinding with a Rubber Pestle) 

AT Different pH Values 



Fig. 2. Dispersion of Fereoaluminosilicates (after Grinding in Colloid Mill) 

AT Different pH Values 

Ihe dispersion of silicates at different pH values after grinding in a colloid 
mill is sliown in figure 2. The curves are steeper and the maximum values for 
(^lay content are obtained at much lower pPI values than when the grinding is 
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done with a rubber pestle. This shows that when the chemical method of dis- 
persion is aided by such drastic mechanical methods as grinding in a colloid mill 
for 1 hour, the maximum dispersion is brought about much sooner. In other 
words, the effects of chemical and mechanical dispersion are additive. But it 
will be readily seen that grinding in a colloid mill alone, however drastic this 
treatment may be, cannot produce any marked dispersion (fig. 2). Addition 
of alkali is essential for dispersion. 

Moisture absorption at different humidities 

The absorption of moisture from atmospheres saturated with water vapors 
has been extensively used for characterizing soils. The difficulty of such meas- 
urements and the uncertainties involved have been discussed by Puri (6). The 
absorption of moisture from parti}?" saturated atmospheres is more defi.nite, and 



2 4 6 6 10 12 14 16 !8 20 22 24 26 28 

% MOISTURE ABSORPTION 


Fig. 3. Relation between Moistuee Content and Relative Humidity in Fereo- 

ALUMINOSILICATES AND SoiLS 

precise measurements can be made at any relative humidity by the use of mix- 
tures of sulfuric acid and water in different proportions (7). 

In order to determine moisture absorption at various humidities, the mixtures 
were dried over sulfuric acid and then kept in a vacuum desiccator containing 
H 2 S 04 -water mixtures corresponding to 10, 60, 68, 96, and 99 per cent relative 
humidities. The increase in weight was determined after 6 days and the percent- 
age moisture absorption calculated therefrom. The values are plotted in figure 3. 

In figure 3 are included moisture absorption curves of two soils as w^ell. The 
similarity in the shapes of the moisture absorption curves for the silicates and the 
soils is remarkable. The hygroscopicity will be further seen to increase with an 
increase in silica/sesquioxide ratio as well as with an increase in alumina content. 

The amount of moisture absorbed between the 10 and 70 per cent^ interval of 
humidity has been shown by Puri (9) to be significantly correlated with the clay 
content of soils by an empirical formula: 



218 


AMAR NATH PURI, BALWANT RAI, AND R. P. VERMA 


where H is liygroscopicity (moisture absorption between 10 and 70 per cent hu- 
midities). By means of this formula, the clay contents were calculated for all 
the mixtures and soils included in figure 3. The values are given in table 8. 
The values of clay ( <0,002 mm. as well as <0.001 mm.) for the mixtures and the 
soils as determined by mechanical analysis are also included in the table. 

The method of dispersion employed for silicates was grinding in a colloid mill 
followed by shaking with NaOH for 24 hours at pH 10.8. It will be seen that 
whereas the agreement between the determined and the calculated values for 
soils is best when the percentages of particles <0.002 mm. are not taken into con- 
sideration, the agreement for the first four silicates is valid only when the per- 
centages of particles <0.002 mm. are taken into account. Mixtures 7 and 8 
give lower values than the calculated ones. This, as already mentioned, is due 
to the fact that the results of mechanical analysis of the mixtures with high 
aluminum contents are masked by the partial dissolution of aluminum silicate 

TABLE 8 


Clay content as calculated hy moisture absorption between 10 and 70 per cent humidity in 
comparison with that determined hy mechanical analysis 


'M.IXTU'RE O'E SOIL NUMBER 

CLAY DETERMINED 

CLAY CALCULATED 

0.002 mm. 

0.001 mm. 


Mixture 1 

per cent 

53.4 

per cent 

38.4 

per cent 

49.5 

2 

51.3 

36.5 

51.5 

S 

48.7 

34.1 

51.1 

4 

49.1 

32.1 

50.7 

7 

42.9 i 

22.2 

82.9 

8 

39.9 

19.3 

91.8 

Soil 2 

59.1 

53.4 

51.1 

13 

58.2 

54.0 

53.2 


in alkaline solutions. This results in the partial coagulation of the suspension. 
For this reason the values for clay content as calculated from the moisture 
al)sorption curves may be more reliable. Furthermore, the high values of clay 
as ol^tained from moisture absorption curves of silicates with increasing amounts 
of aluminum would explain the increased activity of acidoid in them as shown in 
the following section. 

Titration Curves 

Titration curves of soils were first determined by Sharp and Hoagland (22). 
Bradfield (3) determined titration curves of clays separated from soils and pointed 
out a close analogy between soil acidoids and true acids on account of the general 
similarity of the curves. The clay suspensions studied by him were not electro- 
dialyzed or acid- treated, and consequently a portion of the acidoid was already 
neutralized, and titration curvas were thus incomplete. In later studies Brad- 
field (4) used electrodialized clay. Anderson and Byers (1) studied the neutrali- 
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zation curves of clays and recommended shaking the suspension with alkali or 
acid, as the case may be, for 36 to 48 hours in order to bring about eciiiilibrium 
before determining the pH value. 

Puri and Asghar (12) studied the titration curves of a number of acid-treated 
soils and showed that acidoids closely resemble weak dibasic acids. The point of 
inflection in titration curves was found to occur approximately 4 pH units above 
the initial pH value of the acidoid. This was taken to correspond to the neutrali- 
zation of the first hydrogen (soil acidoid being regarded as dibasic), as the titra- 
tion is not completed at the first point of inflection. 

The titration curves of the silicates were determined by using Puri’s technique. 
Increasing amounts of standard alkali (NaOH) were added to 1-gni. portions of 
the mixtures, and volume was made to 10 cc. in each case. The suspensions 
were shaken continuously for 48 hours in a mechanical shaker, after wiiich the 
pH values were determined vdth the glass electrode. 

The titration curves so obtained are plotted in figure 4. It will be seen that 
as the percentage of silica decreases (table 1), the titration curve shifts upward; 
in other words, the mixture behaves as a weaker acidoid. The relative amounts 
of iron and aluminum hydroxides in the mixtures would also influence the de- 
gree of acidity of the mixture, because ferric hydroxide is a stronger base than 
aluminum hydroxide, and, therefore, on combination with silica it would leave a 
weaker acid residue than the aluminum hydroxide. 

The titration curves of a fe’w soils are given in figure 5. Although the natural 
soils are found to possess comparatively lower buffer capacities, the striking 
similarity of the soil titration curves to the silicate titration curves is well brought 
out and should leave no doubt that in soils we are dealing with similar com- 
pounds. The variations in soils, therefore, can be satisfactorily accounted for 
by variations in the silica/sesquioxides ratios as w’^ell as by the nature and the 
amount of the sesquioxide. 

As with soils, the point of inflection in the titration curves of silicates occurs at 
about 4 pH units higher than the initial pH value, and therefore, on the analogy 
of soils, this point should correspond to half neutralization of the total acidoid 
in the ferroaluminosilicate mixtures. The amount of alkali required for such 
half neutralization is usually denoted by T/2 and corresponds to the base-ex- 
change capacity of the acidoid (12). The T/2 values for the various mixtures 
of silicates in terms of milliequivalents per 100 gm. of mixtures as calculated 
from their titration curves (fig. 4) are given in table 9. It will be seen from table 
1 that the silica/sesquioxide ratio as w-ell as the nature of the sesquioxide deter- 
mines the base-exchange capacity of the acidoid to a large degree. Piirther, it 
will be seen that the maximum exchange capacity occurs at a certain Si 02 /R 203 
ratio, beyond ’which it begins to fall. This is in accordance with the observations 
of Mattson (5) and Eaychaudhuri (20). 

Puri (12) has calculated dissociation constants of soil acidoids from their titra- 
tion curves by applying the usual mass law equation of wmk acids, 

pH = pK + log salt/acid. 
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When the acid is half neutralized, i.e., the ratio salt/acid is unity, pH = pK, 
where pK is the logarithm of the reciprocal of its dissociation constant, just as 
pH is the logarithm of the reciprocal of the hydrogen-ion concentration. By 
applying the same principle, the pK values of the silicate mixtures were calcu- 
lated from their titration curves (fig. 4). These values, given in table 9, are of 



0 1 2 3 4 5 6 7 8 9 JO H 12 V3 t4 IS 

cc. 0.2 N NaOH added TO I ^.OF MIXTURE 


Fig. 4. Titration Curves op Ferroaluminosilicates 
12 
!l 
10 

9 
6 
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3 
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cc. 0.2 /V N&OH ADDED TO 1 ^.OFSOIL. 

Fig. 5, Titration Curves of Soils 

the same order of magnitude as those generally found in soils. The artificial 
silicates are thus similar to soils in this respect. 

Activity of addoid in silicate mixtures 

The r/2 values given in table 9 represent what may be described as the 
quantity factor of the acidoid, which has been shown to increase with the in- 
crease in silica and alumina contents. The intensity or the activity of the 
acidoid is usually expressed by the pH value. Another method well known in 
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physical chemistry for comparing the activity coefficient of acids is by measuring 
the catalytic activity of the H ions furnished by the acids in bringing about the 
hydrolysis of esters or the inversion of cane sugar. Puri and Dua (15) com- 
pared the activity coefficients of the various soil acidoids in this way and found 
a significant correlation between the pH value and the activity coefficient. 

The hydrolysis of ethyl acetate was studied with the mixtures of ferroaliimino- 
silicates. The procedure adopted was to mix 5-gm. portions of the various mix- 
tures with 25 cc. of 5 per cent ethyl acetate solution. The suspensions were 
kept at 50° C. for 4 hours, during vrhich they were shaken by hand at frequent 
intervals. After this they were cooled and filtered and an aliquot was titrated 
against standard alkali. The quantity of acetic acid produced is given in table 
10. The values are seen to increase in the order of increasing amounts of silica 
and alumina in the mixtures. 

The soil acidoids on conoing into contact with neutral salts, such as KCl, bring 
into solution true acids, together with some aluminum and iron, wffiich also be- 

TABLE 9 


Tl% Values, ammonia absorption, and pK values of various silicates 


MIXTURE NUMBER 

T/2 PEE 100 GM. OP 
SILICATE 

pK 

NTHs EETAINEO PER 100 GM. 
OP SILICATE 


m.e. 


m.e. 

1 

16.0 

5.85 

20.0 

2 

83.0 

5.62 

77.0 

3 

113.0 

5.60 

113.0 

4 

110.0 

5.85 

127.5 

5 

125.0 

5-92 

135.0 

6 

140.0 

6.30 

142.5 

7 

145.0 

6.95 

145.0 

8 

155.0 

7.12 

159.5 

9 

142.0 

7.10 

153.0 


have like acids, though they can be distinguished from the true acids by the use of 
methyl orange as the indicator during titration with alkali. It was of interest to 
determine the relation, if any, between the hydrolyzing powder of the mixtures 
and the acid set free on shaking with KCl. For this purpose, 5-gm. portions of 
the mixtures were shaken with 100 cc. of N KCl solution for 2 hours and filtered. 
An aliquot of the filtrate was titrated with standard alkali, phenolphthalein being 
used as the indicator. Another aliquot was titrated with the same alkali, methyl 
orange being used as the indicator. The values obtained are given in table 10. 
It will be seen that the values of acid displaced by IvCl increase in the same order 
as the values of acetic acid produced by hydrolysis of ethyl acetate. ^ In this re- 
spect also, the S3nithetic mixtures of the silicates resemble natural soils. 

AMMOTiici obsorption 

The following procedure was adopted in determining ammonia absorption 
by the mixtures of silicates: 
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A 5-gm, portion was kept in contact with excess ammonia for 48 hours. The 
suspension was then boiled to half its volume, and the ammonia retained by the 
mixture was determined by distilling with excess of lime. 

The amounts of ammonia taken up by 100 gm. of the various mixtures are 
given in table 9 along with the 7/2 values. It will be seen that the amount of 

TABLE 10 


Acid produced by ferroaluminoBilicates on hydrolysis of esters and on shaking with KCl 


MIXTITRE NUMBER 

1 CHsCOOH PRODUCED PEE 
100 GM. OP SILICATE 

HCi PRODUCED PER 100 GM. OP SILICATE 

Phenolphthalein 

Methyl orange 


m.€. 

m.e. 

m.e. 

1 

1.0 

13.0 

8.0 

2 

1.46 

17.0 

10.0 

3 

1.76 

21.0 

15.0 

■ 4 

1.83 

22.0 

17.0 

5 

1.98 



6 

2.70 

26.0 

20.5 

7 

2.80 

29,0 

23.5 

8 

3.32 

33.5 

26.0 

9 

3.26 

34.0 

27.1 


M.C.OF NHy weTAINED PER lOO fm.SOiL- 



Fm. 6. Ammoma Absobption at Diffeebnt pH Values by Soils ajstd 
Fekhoalumbsosilicates 

ammonia retained by a mixture is equivalent to the T/2 value for that mixture. 
Similar results mth soil acidoids were obtained by Puri and Asghar (13). The 
ferroaluminosilicate mixtures thus resemble soils in another respect, and this 
further supports the contention that in soils we are dealing with similar com- 
pounds. 

The reaction between ammonia and the ferroaluminosilicate acidoids or that 
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between ammonia and soil acidoids thus is in no way different from the reaction 
of ammonia with true acids. The r/2 value corresponds to the base-exchange, 
capacity, which is the same as the base-neutralizing power of the acidoid and, 
therefore, must be equal to the amount of ammonia or any other base that is 
required to neutralize the acidoid. On this assumption, if acidoid is partly 
neutralized with one base it should require a correspondingly small amount of 
another base for complete neutralization. To study this aspect of the problem, 
two silicate mixtures were neutralized partly to vaiydng degrees by shaking with 
NaOH for 48 hours, after which the pH value as well as the ammonia absorption 
of the partly neutralized material was determined. The results are plotted in 
figure 6. The curves have the characteristics of residual titration curves. Am- 
monia absorption is thus a function of the pH value. Similar curves obtained 
with two soils are also included in figure 6 for comparison and to complete the 
analogy between artificial ferroaluminosilicates and natural soils. 

SUM3VIARY 

Some physicochemical properties of laboratory-prepared mixtures of iron and 
aluminum silicates of varying compositions have been studied. These mix- 
tures were found to resemble soil colloids in all essential respects. For instance, 
clay and ultraclay can be produced from the silicates in the same w^ay as in soils. 
Moisture absorption curves and titration curves of the silicate mixtures are no 
different from similar curves of soil colloids. Furthermore, the acidoids in the 
mixtures can catalyze hydrolytic reactions in the same way as do soil acidoids 
or even true acids. The amounts of ammonia absorbed by the mixtures are 
equivalent to their respective base-neutralizing powers, just as is the case with 
soil acidoids or with true acids. 
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AN INTERPRETATION OF THE MOISTURE CONTENT-SURFACE 
FORCE CURVE FOR SOILSi 

H. A. WADSWORTH^ 

Hawaii Agricultural Experiment Station 
Keceived for publication April 2S, 1944 

The progress that has recently been made in the study of the energy relation- 
ships in the soil-soil moisture system focuses attention upon the characteristics 
of the conventional moisture content-vapor pressure curves for such systems. 
It would appear that the mrve showing the relationship between the moisture 
contents in a soil and the corresponding aqueous vapor pressures or relative 
humidities, should give a more complete expression of energ}^ relationships, over 
the whole range of moisture contents, than could be obtained by any other ex- 
perimental approach. 

For practical use by the student of plant and water relations, the upper arm of 
the curve is of greatest significance. Since conventional methods involving 
constant relative humidities do not lead to great precision when relative humidi- 
ties above 98 per cent are involved, better methods using some function of the 
surface force involved have been devised for this range (18, 20). Moisture con- 
tents within this narrow range of humidities are of unquestioned importance, 
but the entire range of moisture contents and their corresponding vapor pressures 
must be examined for a true understanding of the forces involved. 

Experimental methods for locating the vapor pressure curves for soils have im- 
proved continuously since the early work of Shull (21) which suggested the possi- 
bility of bringing samples of soil into equilibrium with the atmospheres over sul- 
furic acid of varying concentrations. The methods and results of Thomas (22, 
23) and of Puri, Crowther, and Keen (15) are familiar to all students of the sub- 
ject. More recently Edlefsen (5, 6) and Alexander and Haring (1) have used 
other methods to achieve the same end. 

As has been pointed out by Bodman and Edlefsen (3), the results of all these 
workers have been similar. A typical example of a moisture content-vapor 
pressure curve, from local work, is given in figure L In general, such curves 
seem to consist of three sections. When moisture content is plotted on the hori- 
zontal axis, and vapor pressure, or relative humidity, on the vertical axis, the 
first section cuiwes upward, the middle section is essentially straight, and the 
third is concave downward, approaching saturation for the soil sample as the 
relative humidity approaches 100 per cent (16). 

Despite the effort spent in locating these curves for various soils and soil 
separates, the curves have remained empiricaL They can be used to express 
only the relationship between the variables which existed at the time of the ob- 

1 Published by permission of the director of the Hawaii Agricultural Experiment Station 
as rechnical Paper No. 117. 

Gollaborat or, Hawaii Agricultural Experiment Station. 
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servation. Little progress has been made in identifying the factors that affect 
that relationship. 

Although, as Veihmeyer and Edlefsen (24) indicate, the energy necessary to re- 
move water f rom the soil is a continuous function of soil moisture, it is not neces- 
sarily true, as Baver (2) points out, that there is no change in the nature of the 
forces which are responsible for holding water in the soil at various moisture con- 
.tents. 

Several isolated obseiwations seem to substantiate the belief that the forces in- 
volved in holding water in a soil at low vapor pressure may not be the same as 
those primarily involved at high vapor pressures. For example, Puri, Crowi^her, 
and Keen (15) note that temperature has but little effect in locating the curve 
within the range of high relative humidities but is a dominant influence in the 



Fig. 1. A Typical Moisturb CoxTEK'r — R elative Humidity Curve for a Soil from 

THE Hilo Coast, Hawaii 

lower range. Thomas (23) has reported that a soil saturated with sodium ad- 
sorbed less water at a specific, low^ vapor pressure than wiien saturated with 
calcium. At higher vapor pressures this relationship w^as reversed. Alexander 
and Haring (1) plotted the log. log. of the reciprocal of the relative humidity 
against the corresponding moisture content for four markedly different soil col- 
loids and obtained curves which they interpreted as straight lines over wide 
ranges of moisture contents. This w^ould hardty be expected if a single physical 
pro(.‘ess were involved. 

Although none of these, in itself, \vouid convincingly challenge the concept 
that a single process, or force, was responsible for the observed relationship be- 
tween surface forces and soil moisture contents, together they raise the question 
whether two or more separate processes may not be acting simultaneously. In 
our conventional soil moisture determination we may be measuring the sum- 
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"mation of the moistures held in these, various aspects and be iinabie to distinguish 
their individual contributions. 

It is the purpose of this paper to suggest a hypothesis wliich may explain the 
aforementioned observations and at the same time conserve the usefulness of the 
moisture content-surface force curve. 

THE BASIC HYPOTHESIS 

It is suggested that the moisture in the soil, at any moisture content may be 
divided into two general classes upon the basis of the nature of the forces by 
which the water is held. Water in one of these classes is tightly held by forces of 
surface adsorption, by the h^^dration of ions on active surfaces, by the crystal 
surfaces of the soil minerals [if water, subject to loss at 100*^ C., such as the x>lanar 
w^ater of Kelley, Jenny, and Broun (11), is incorporated uith them], and by some 
aspects of the moisture sorption of organic matter. For convenience these 
several processes are grouped under McBain’s (13) term '‘chemosorption.” 
This concept of tightly held moisture is not new. Pierce (14) has suggested that 
part of the water absorbed by textiles is held b\^ tight chemical bonds while an- 
other part is loosely held. Gortner (8) finds the concept of "bound water^* of 
value in interpreting a wide variety of experimental data. Water in the other 
category is condensed in the fine pores in the soil material. In large measure 
such water ma}’' be loosely held but it may appear in large amounts in fine-grained 
materials. It increases rapidly in amount as the relative humidity increases. 
It is water of this sort that approaches an infinite percentage of soil moisture, on 
the dry basis, as the relative humidity approaches 100 per cent. This water is 
said to be water of capillary condensation. 

In answer to critics wiio had failed to obtain experimental support of his theory 
of surface adsorption, Langmuir (12) directed attention to the necessity of differ- 
entiating between adsorbed water and capillar 3 -condensed water. 

Chemosorption 

It is evident that the cuiwe shoving the relationship between the moisture 
contents resulting from chemosorption must, with our present knowledge, be 
empirical. Each of the possibilities for chemosorption which has been mentioned 
ma}’’ contribute to it. The best we can do is to group these contributions to- 
gether and plot the sum against the corresponding vapor-pressure. In some 
materials base hj^dration dominate the relationship; in others, surface ad- 
\ sorption may be most important. But with any specific sample it is suggested 
That a single smooth curve may be used to express the relationsliip between the 
mbistui’e held by chemosorption and the vapor px’essuie. 

' , Although man,y expres.sions for the relationship between tlie amount of material 
held surface adsorption and equilibrium pressures have been suggested, both 
Bray and Draper (4) and McBain (13) hold that the Williams-Henry (10) equa- 
tion is the most critical. 

These workers report that results of simple surface sorption can be expressed 
by the relationship 


log (zi/p) = Ki - K% 
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where Xi ~ mass of material held per unit mass of adsorbent, p — the equilibrium 
pressure, in any convenient unit, and Ki and K 2 are constants. 

Granting the validity of this criterion permits its use in identifying the existence 
and magnitude of chemosorption in experimental work, since log (xi/p) when 
plotted against Xi, should give a straight line as long as processes of chemosorption 
alone have been involved. A serious departure from the straight-line relation- 
ship would suggest the introduction of some other process of moisture accumula- 
tion or a modification of the surface characteristics. .An example of the form of 
the Williams and Henry curve, with arbitrary constants, is given in figure 2. 

It is apparent that the application of the Williams-Henry criterion to sorption 
in soils assimies that the absorbent is constant with respect to exposed surface 



Fig. 2. The Chabactebistic Fobm of the Chemosoeption Curve, According to 
Williams and Henry (10) 

during the range of the critical observations. Swelling with concomitant re- 
orientation of ultimate particles and a probable modification of active surface 
would evidently warp the relationship. This assumption is discussed in the 
section on ^Tnternal configuration and changes in microstructure.” 

Capillary condensation 

It is evident from figure 2 that processes of chemosorption alone, cannot result 
in the large amount of water held in soils at high, or even at moderate, relative 
humidities. Moreover, it is apparent that the form for the curve of chemo- 
sorption does not express experimental results. 

It is well known that water vapor, under proper circumstances, may condense 
in the small and irregularly shaped pores between adjacent grains. 

Ih^gardless of tluar configuration, these masses of condensed water are bounded, 
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at the air-water interfaces, by films, the cuiwatures of which are dependent upon 
the relative humidities. If chemosorption be disregarded, temporarily, it is 
evident that certain definite moisture contents, in a constant soil mass, must l)e 
associated with specific relative humidities, since these relative humidities con- 
trol the curvature of the films which span the pore spaces, or bound the anchor 
rings, and these in turn limit the amount of water held behind them. 

English workers (9, 27) have been active in studjdng the relationship between 
the moisture contents in a system of spherical particles, the form of the complex 
air-water surfaces at the interfaces, and the relative humidities with which such 
interfaces would be in equilibrium. The work of Fisher (7) in conjunction with 
that of Schofield (19) permits the computations of the relationships between 



Fig, 3. Moisture Accumulation by Capillary Condisnsation, Based on 
Fisher’s (7) Analysis 

moisture contents resulting from condensation in the 'fideal soil” of the Englisli 
workers, and the corresponding relative humidities. 

Two cur\ms obtained in this way are shovn in figure 3. 

It is to be noted that Fisher’s data end, for the hexagonal packing illustrated 
in figure 3, when the moisture content has increased to 6.3 per cent on the volume 
basis. There is no thought that water ceases to accumulate, by condensation, 
when this moisture percentage is reached. But at this moisture content, adjacent 
films would coalesce, by Fisher’s analysis, creating a pattern of air-water inter- 
faces which is of great complexity and which has never been cixamined. 

On the other hand Bray and Draper (4) and McBain (13) emphasize the con- 
densation of water in the pores between adjacent grains and set up an expression 
showing the maximum pore size which will permit an accumulation of water by 
condensation, for specific vapor pressures. 

For the present purpose it is necessary to emphasize oik^ im|)ortant difference 
between thesis points of view. It is apparent, from the Ilaim^s’ (9) interpreta- 
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tion, as well as from figure 3, that the accumulation of water by capillary con-' 
densation may begin with the first increment of vapor pressure, although the 
rate of accumulation of moisture at low vapor pressures may be small. Bray 
and Draper (4) hold that a threshold value for relative humidity must be reached 
before capillary condensation can occur. 

Either of these procevsses would result in an accumulation of water, with in- 
creases in relative humidity, similar in general form to the relationship shown in 
figure 3. The only qualitative difference would be that the Bray and Draper (4) 
concept would move the curves up in the axes and give finite values for the rela- 
tive humidity at 0 per cent moisture. 

Since the shape, dimensions, and arrangement of the ultimate soil particles in a 
soil mass are not known, nor are these characteristics necessarily constant, it is 
impractical to attempt a mathematical presentation of the relationship between 
relative humidity and the amount of water held by capillary condensation. 
Such an equation would of necessity be empirical, regardless of the precision mtli 
which the observed points coincided with the computed curve. 

Despite its quantitative uncertainty, the ciuwe for capillary condensation, if 
plotted in .such coordinates as sho^\’n in figure 1, would be concave as viewed from 
below. It would be complemental to that for chemosorption, and the two to- 
gether would form the characteristic sigmoidal curve which has been observed so 
often with soils. 


EXPERIMENTAL 

The apparatus 

It is evident that a convincing demonstration of the independent contributions 
of cliemosorption and of capillary condensation to a series of observed soil 
moisture contents must be based on the development of an experimental tech- 
nique which will permit the location of the curve for chemosorption at low vapor 
pressures. When soils are used, the inception of measurable capillary condensa- 
tion is to be expected at low relative humidities. Consequently the apparatus 
used must permit the location of many equilibria vdthin a narrow range of low 
vapor pressures. 

None of the devices which has been used in work of this sort seemed adequate. 
The apparatus which was finally developed in the laboratories of the Univei'sity 
of Hawaii^ permits an evaluation of the moisture content in the soil sample at any 
time, by an observation of the total mass of the sample, which is of known dry 
weight. This is done by suspending the sample in light pans from a sensitive 
Jolly balance spring. Routine observations of elongation are made with a 
eathetometer reading to 0.01 cm. 

Springs of special alloy are used. These give an elongation of about 5 cm. per 

The first Hint was designed and constructed by Edward Inn in partial fulfillment of 
thf rerpiireinents in the degree of master of science in physics. (Unpublished thesis, 
apfiaratuH for measuring vapor pressure— moisture content' relationships,’^ 1942, on file 
at the University of Hawaii.) 
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gram. The calibration of the springs has not changed over long periods of con- 
tinued use. Readings of weight to mthin 0.002 gni. are possible. Two grams 
of sample can be loaded on the three-stage pans which are designed to increase the 
surface exposure. Moisture percentages are probably accurate to vithin 0.1 
per cent. 

Readings of pressure at equilibria are made by obseiwations upon a manonieter 
similar to that used by Alexander and Haring (1). In the local design the ma- 
nometer was lengthened to allow the use of a light oil or other liquid in place of 
mercury. Two materials have been used successfully for piezometric liquids: 
one of these, Apiezon B, is frequently used in oil diffusion pumps; the other, 
Arochlor 1248, was obtained from the Distillation Products, Inc. When either 
of these materials is used and observations are made with the aforementioned 
cathetometer, vapor pressure measurements may be made with an accuracy 
equivalent to 0.01 to 0.02 mni. of mercury. 

In assembly, the spring, carrying the pans at its lower end, hangs from the top 
of a 2-inch glass tube about 24 inches long. The bottom is sealed with a glass 
plate. A manifold from this tube leads to one arm of the long manometer 
suitably filled with oil. The other arm of the manometer leads to a large ex- 
pansion flask. A side tube from the manifold permits the addition of water 
vapor to the spring chamber, by the vaporization of water from an air-free water 
reservoir. Water vapor can be vitlidravTi from the spring chamber by a rotary 
oil pump. Hence the apparatus can be used to trace the relationship between 
soil moisture and vapor pressure when the sample is being wetted by additions of 
water vapor, or as it is being dried by intermittent evacuation. A by-pass per- 
mits the simultaneous evacuation of the spring chamber, the expansion flask, 
and the two arms of the manometer at the beginning of a series of observations. 
Subsequently differences of pressure, as measured on the manometer, are reported 
as measures of the aqueous vapor pressure over the soil sample. All necessary 
stopcocks are mercury-sealed. 

In operation, the sample of soil is distributed evenl}- over the three pans; the 
apparatus is sealed and evacuated to a pressure of less than lO""® mm. of mercury. 
The by-pass into the expansion flask is closed, and the weight of the sample in 
equilibrium with zero vapor pressure is noted. A small amount of water vapor is 
admitted to the spring chamber by a brief opening of the valve leading to the 
water reservoir. In general, equilibrium is attained in about 4 hours, aitliough 
longer periods are necessary for the higher vapor pressures. At the end of the 
period the new weight is noted, as well as the pressure difference as measured on 
the manometer. All observations are made wth the same cathetometer. 

Careful temperature control is obAdoiisly imperative. Significant parts of the 
apparatus are submerged in a water bath equipped with a long stirring shaft with 
sets of three propeller-like blades, a bayonet-type electric heater, and a large 
homemade thermoregulator containing mercury and toluene. The contact be- 
tw’-een the mercury and platinum, in this device, is protected with a thin layer of 
mineral oil When used with an adequate electric relay, temperature control 
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within, 0.01*^ C. can be obtained. Figure 4 is a diagrammatic sketch of the ap- 
paratus. 

Typical r.esults 

Two assemblies similar to that described above have been in continuous opera- 
tion for almost 3 years. During this time many soil samples and other materials 
have been studied. Some of these were size-separates from local soils, others were 
originally identical samples and were used to note the effects of temperature upon 
the two hypothetical processes of water sorption; other samples were treated with 
different bases to note the effect of replaceable cations upon the characteristics 
of water sorption. 



sonrriON apparatus 

Fig. 4. Sokption Appabatus and Theemoeegitlator 

In general, results have been similar. xAli have yielded to an analysis designed 
to differentiate between the contributions of chemosorption and capillary con- 
densation. The inevitable differences which exist between the results obtained 
from such varied materials, as well as changes in external factors, seem to be in 
degree and not in kind. 

In the analysis, contributions by chemosorption were identified by use of the 
Williams-Henry criterion. Moisture in the soil, at any specified relative hu- 
midity, in excess of that required by the criterion was assumed to be water of 
capillary condensation. Bray and Draper (4) used the same method, although 
their experimental points were too few to do more than illustrate the abmpt 
change of character in the curve when capillary condensation became significant. 

This analysis, as applied to a soil sample from the Hilo coast on the Island of 
Hawaii, is given in some detail to illustrate the method used. The raw data 
and the evident computations are given in table 1 . 
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As has been indicated, the Williams-Henry criterion holds that log (xi/p) 
and Xi should exhibit a straight line relationship as long as the processes of chemo- 
sorption alone are involved. These variables are plotted in figure 5. The evi- 
dence of a rectilinear relationship within the range of lower moisture contents is 
apparent. Here the correlation coefficient between Xi and log (xi/p) for the 
first thirteen equilibria noted in table 1, and plotted in figure 5, is — 0.93L 

TABLE 1 

Experimental results and computaiio7is of moisture content due to chemosorption and to 
capillary condensation in Hilo Coast soil 


(First wetting curve) 


EQUILIBRIUM 

NUMBER 

MOISTURE CON- 
TENT 

YAPOR PRESSURE 
p* 

X\ 

p 

1 

losf 

P 

(p/p,) X loot 

1 

per cent 

0.10 

0.08 

1.25 

+0.10 

0.18 

2 

0.31 

0.14 

2.21 

+0.34 

0.31 

3 

0.52 

0.23 

2.26 

+0.35 

0.52 

4 

0.83 

0.38 

2.18 

+0.34 

0.85 

5 

1.14 

0.55 

2.07 

+0.32 

1 .24 

6 

1.45 

0.87 

1.67 

+0.22 

1.96 

7 

1.76 

1.30 

1.35 

+0.13 

2.92 

8 

2.27 

2.06 

1.10 

+0.04 

4.63 

9 

2.79 

3.32 

0.84 

-0.08 

7.4:6 

10 

3.20 

4.08 

0.78 

-0.11 

9.17 

11 

3.62 

4.97 

0.73 

-0.14 

11.17 

12 

4.13 '| 

6.67 1 

0.62 1 

-0.21 i 

14.99 

13 

4.55 

8.11 

0.56 

-0.25 

18.22 

14 

5.47 

10.95 

0.50 

-0.30 

24.61 

15 

6.82 

16.13 

0.42 

-0.38 

36.25 

16 

7.96 

30.79 

0.38 

-0.52 

46.72 

17 

9.19 

25.99 

0.35 

-0.46 

58.40 

18 

10.45 

29.86 

0.35 

-0.46 

67.10 

19 

11.67 

34.21 

0.34 

-0.47 

76.88 

20 

13.22 

37.36 

0.35 

-0.46 

83.96 

21 

14.77 

40.18 

0.37 

-0.43 

90.29 

22 

16.63 

42.60 

0.39 

-0.41 

95.73 

23 

17.87 

43.69 

0.41 

i -0.39 

98.18 

24 

19.94 

44.30 

0.45 

j -0.35 

99.62 


* 2 ^ is given in centimeters of Apiezon B. 
t pQ (at 28®C.) =44.5 cm. 


Although the number of observations within the critical range is small, this high 
value for the correlation coefficient is highly significant. If this correlation co- 
efficient is accepted as evidence of a rectilinear relationship between xi and log 
(a:i/p), and if the Williams-Henry criterion is adequate, it is apparent that the 
first thirteen points in the Hilo soil series represent a process of chemosorption 
alone. 

If we assume that the first thirteen points given in table 1 follow the Williams- 
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Heary law, we can establish the equation for this aspect of the sorption process. 
By the method of normal equations we obtain 

log (xi/p) = 0,42 — 0.146 xi 

as the best fitting straight line for the points in question. 

This curve, with the vapor pressure expressed as a relative humidity, as is 
usual, is given in figure 6. Here circled points are the actual observations; Xi 
represents the h}q)othetical contributions from chemosorption; values of :r 2 
represent contributions from capillarj^ condensation which were obtained as 
differences. Although the cuiwe for X 2 , in figure 6, may be closely approximated 
by an exponential expression, no attempt has been made to evaluate it as an 
empirical form for reasons that have been given. 



Fig. 5. Thk Williams-Heney Criterion for Chemosorption as Applied to Results 

FROM A Hilo Coast Soil 

It is to be noted that capillary condensation in the Hilo soil is first apparent 
when the relative humidity is about 18 per cent. 

It is evident that this type of analysis is possible only if the experimental data 
are rich enough to provide several, if not many, points in the range of chemo- 
sorption. Not many results of experimentation with soils have been found in 
the literature which permit this statistical attack. It is probable that the foiu' 
series of obseiwations reported by Alexander and Haring (1) are richest in ob- 
servations at low vapor pressures. These series add strength to the argument; 
only the observations on the Cecil and the Miami colloids give enough experi- 
mental points at vapor pressures below that marking the inception of capillary 
condensation to give quantitative support. This work involved drying wet soil 
samples. Consequently the experimental points trace the drying arms of the 
curves. 
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Each of these soil materials was reported in sufficient detail to provide nine 
points on the desorption cuiwes after capillaiy condensation had ceased to be im- 
portant. The correlation coefficient between Xi and log (xi/p) is -“0.783 for the 
Cecil colloid and —0.970 for the Miami colloid. 

Other examples, taken from the long list of local studies are given in table 2. 
The soil material used was the colloidal separate from Superior clay loam. Two 



Fig. 6. Analysis of Observations on Hilo Coast Soil 
Circled points are actual observations. Curve marked«a;i is hypothetical contribution 
by chemosorption; X 2 is hypothetical contribution by capillary condensation. 


TABLE 2 

Results with superior clay loam colloid 


1 

SYSTEM 

NUMBER OF OBSER- 
VATIONS WITH 
RANGE OF CHEMO- 
SORPTION 

CORRELATION COEFFIOENT 

XI and log ixi/P) 

Hot 

"Wetting 

16 

-0.872 ±0.06 

Drying 

13 

7 

-0.704 ±0.09 

Cold 

WottinsT • 

-0.897 ±0.05 

Drying. 

6 

-0.967 ±0.02 


series are reported. One was held at a constant temperature of 32.70° C., the 
other at 17,20° C. Each series was kept under detailed observation while the 
sample was being wetted and while the sample was being dried by successive 
evacuations. 

Effects of temperature 

Under the terms of th(.^ hypothesis, water in an unsaturated soil is held by two 
dissimilar processes. In the cause of chemosorption, water is held by surface 
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activity and, in a specified case, the amount of water held is directly, and ra- 
tionally, related to the aqueous vapor pressure with which the soil is in equi- 
librium. On the other hand, water may be condensed between adjacent grains 
and held under the curved air-water interfaces. The amounts of water so held 
are governed by the curvatures mthin these interfaces. These curvatures are 
rationally related to the relative humidities with which the samples are in 
equilibrium. 

Plotting equilibrium pressures, in term of relative humidities, against moisture 
contents, within the range dominated by chemosorption, adds a factor which does 
not appear to be pertinent to the physical process involved. On the other hand, 
the use of values of relative humidities at higher moisture contents where capil- 
lary condensation is dominant would tend to minimize the effects of temperature. 

Consequently, if the basic hypothesis is adheied to, differences of temperature 
should affect more significantly at low moisture contents than at high moisture 
contents the position of a curve showing the relationship between moisture con- 
tents and relative humidities. Reference to the observations by Puri et al. 
(15) has already been made. 

This corollary to the general hypothesis was explored in two assemblies operat- 
ing at different temperatures. One of these carried the conventional heating ele- 
ment and operated at 32.70° C. In the other, the thermoregulator was so in- 
stalled that cold water, from an electrically cooled water-bath, was injected into 
the tank when the temperature exceeded a critical value. The average tempera- 
ture in the cold bath for 23 observations was 17.20° db 0.08°. Apiezon was used 
as a manometric material in both cases. Observations with a pycnometer upon 
the density of this material gave a value of 0.881 gm. per cubic centimeter. This 
density was not significantly affected by temperature differences within the range 
under observati on . 

Results of one series of observations made upon a soil colloid extracted from 
Superior clay loam are given in figure 7. Here the ordinate is given in terms of 
vapor pressure. Observations on the hot series were limited by the length of 
the manometer to pressures below 47 cm. of Apiezon. Inspection indicates that, 
at any comparable high vapor pressure, more water is held at the lower tempera- 
ture. This difference disappears when the vapor pressure is low. 

When the same data are replotted in terms of relative humidity, as is done in 
figure 8, the situation is reversed. At low relative humidities, the moisture held 
at a given value is consistently less in the cold series than in the hot series. This 
difference becomes less apparent, and perhaps insignificant, at higher humidities. 

This observation is contrary to that reported by Puri et aL (15) who find that 
^fin atmospheres of low humidity the relative vapor pressure increases consider- 
ably with increasing temperature until at the lowest humidity studied the relative 
vapor pressure is almost doubled by a 20° rise of temperature.” It is evident that 
the method used by the English workers is quite different from that used in the 
present studies. 

A iKH‘.essary assumption in Hemy^s derivation, for chemosorption, is that the 
absorbent mat.erial be comparable in all respects throughout the scope of the 
analysis, (fiianges in mierostracture, as a result of a changing temperature, 
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might modify the character of the absorbent material vnth more significant effect 
upon the amount of water held by chemosorption than would be indicated by an 
evaluation of the constants in the basic equation (10) at the two temperatures. 



Fig. 7. Effect of Temperature on Water Sorption by a Soil Colloid 
Note that the ordinate is in terms of vapor pressure, not relative humidity 



, Fig. 8. Effect of Temperature on Water Sorption by a Soil Colloid 

Here the ordinate is in terms of relative humidity 

Interfial configuration and changes in microstnicttire 

During the course of the studies here reported in part, a growing conviction 

has developed in tMs laboratory that soil samples are not stable materials but 
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respond nith stractural changes to temperature and to modification of moisture 
content in such measure that recognition must be given to these effects. At 
present, such allowance must be qualitative onljn There is little evidence yet of 
the nature or magnitude of changes of internal configuration in a soil sample with 
changes in either of these conditions. A technique by which the actual volume 
and microstnicture of a soil, together with its adherent water, might be studied 
with respect to changes of temperature or of moisture content, would be of great 
value. 

Work with other materials provides concepts which find qualitative support in 
the suggested relationships. For example, McBain (13) points out that charcoal 
expands with the sorption of water or other materials. Moreover, the sorption 
of such an inert material as carbon dioxide upon charcoal results in an expansion 
n^hich is dependent upon temperature. Expansion, under comparable con- 
ditions, was greater at low temperatures than at high temperatures. 

Some such stmctural modifications may be apparent in soils. And if this is 
true, obsen-ations on soil samples which were originally identical may not be 
comparable if made at different temperatures, for by the simple change of temper- 
ature we may have changed the internal configuration with far-reaching effects. 
And it swelling is significant with the sorption of ■water, a series of observations at 
varying moisture contents may not be strictly comparable. McBain (13) 
discusses this possibility, in considerable detail, as “steric hindrance.” 

Some qualitative support for the concept that soils and soil separates suffer 
some microstructural modification is provided in previous papers (25, 26) dealing 
with the evolution of heat in a moist sample of soil when temperature reductions 
are involved. The effect was not obsenmd when the samples ■w'ere either oven- 
dry or at maximum field capacity. The hypothesis suggests that the cooling of 
the partly wet sample results in structural change and in the exposure of potential 
sorption areas which were previously drier than the rest of the sample. The re- 
f’-djustment ol moisture to attain equilibrium would probably result in a measur- 
able overall loss of heat. 

In this regard, McBain (13) suggests that it is improper to assume “that the 
equilibriums at two temperatures are identical in nature and that the solid phase 
las the same composition at both temperatures, differing only in temperature and 
in the e.xtemal equilibrium gaseous pressure to which it is subnoitted.” 

One example of the possible influence of surface and structural modifications 
wdh 'i^etting and drying is provided bj^ vapor pressure studies with Ca++- and 
- a -••-atunilcd colloidal material which ■was extracted from Superior clay loam. 

«>(> materials were studied at 35° C. in the vapor pressure apparatus that has 
->( i n di'seribed. 1 he colloids were put on the pans, and the apparatus was sealed 
nnc evacuated for 2 hours. Mater vapor was then introduced in small incre- 
nrents until a \apor pressure of about 5 cm. of arochlor^ had been established. 

1C samples v'ere then dried by uitermittent evacuation, and the process was re- 
pea ed. ^ Mter four such cycles for the Ca^++-colloid and three for the Na+-colloid, 

e wetting was allowed to continue to near saturation, and the colloids were 

Di'nsity of arochlor (1248) at 35“C. is 1.44 gm. per cubic centimeter. 
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then dried by intermittent evacuation, as is normally done in tracing' the hys- 
teresis cui've. 

Results are given in figures 9 and 10. It will be noted that the preliminary 
Na'^-curves practically, and probably mthin the limits of precision available, 
retrace themselves as the material is wetted and dried. On the other hand, the 
Ca'+"^-colloid, after the first cycle, exhibits the unexpected and, so far as is kncnm, 
the iinreported characteristic of holding less moisture on the drying ami than on 
the wetting arm, for a given vapor pressure. 



Fig. 9. The Hysteresis Loop with Na+-Satxjrated Colloid after Three 
Preliminary Wettings 

Details of preliminary wettings given in inset. Coordinates of inset as in main figure 
but on given scale. 

When the range of wetting is extended, the Na'^-colloid exhibits a typical 
hysteresis loop, whereas the loop of the Ca'^-colloid seems to shrink to in- 
significance. There is no thought that all soil materials treated in tliis way would 
exhibit this characteristic. The observations are given in some detail to illustrate 
the complexities which have frequently arisen. Such results have tentatively 
been ascribed to modifications of the adsorbing surfaces. 

It is interesting to note in this connection that Edlefsen (5) failed to find evi- 
dence of hysteresis in a sample of soil that had been wetted and dried before 
quantitative observations were begun. 

Somewhat analogous results were obtained by Rao (17), who worked with such 
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pure materials as the chemically prepared oxides of Ti, Fe, Al, and Si in an ap- 
paratus similar to that described above. Rao reports that the upper end of the 
hysteresis loop for these materials is permanent and reproducible after the com- 
pletion of about five wetting and drying cycles. When this condition exists, the 
early wetting curve and the late drying cur\^e are coincident. The suggestion is 
that the dry end of the hysteresis loop marks the beginning of accumulation of 
water through capillary condensation. It is interesting to note that Rao at- 
tributes the inversion, in his basic curves, to a change from monomolecular sur- 



Fic^. 10. The Hysteresis Loop with Ca'^-SATURATED Colloid after Four 
Preliminary Wettings 
Details of preliminary wettings given in inset 

face adsorption, as identified by the Williams-Henry criterion, to accumulation by 
capillary condensation. 

The brief description of results in this section on structural modification is not 
intended to provide the basis of a clear understanding of the complexities of 
sorption possibilities or of structural changes in soil samples as they experience 
modifications of temperature and soil moisture histories. Its purpose is to focus 
attention on the many variables involved in a study of the relationships between 
soil moisture and functions of surface energy. 

It seems clear, however, tliat the vapor pressure curve is not specific for a soil 
or for a soil separate. And if this is true, the significance of the capillary po- 
tential, as a single-valued function of soil moisture, may be open to question. 
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SUMMARY 

The conventional sigmoidal form of the curve expressing the soil moisture- 
vapor pressure relationships for soils and soil separates is assumed to result from 
two independent processes which may be operating concurrently. 

One of these^ which dominates the action at low vapor pressures^ is a process of 
surface adsorption and is thought to follow the Williams-Henry law for mono- 
molecular adsorption. 

At higher vapor pressures water condenses in interstices between grains. The 
water accumulates rapidly as the vapor pressure approaches saturation for the 
given temperature. 

No experimental procedures permit the evaluation of these contributions dur- 
ing the determination of the curve’s position; but mathematical analysis permits a 
distinction when the entire array of experimental points is available for study. 
Such analysis gives considerable assurance to the thought that sorption at low 
vapor pressures satisfies the Williams-Henry criterion. 

There is some evidence that the vapor pressure-moisture content cuiv e is not a 
specific characteristic for a soil or a soil separate. Apparently the temperatiirevS 
involved and the previous soil moisture histor\^ conditions the material in such a 
wa}^ that the position of the curve in the axis depends partly, at least, upon how 
the sample has been treated. 
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Some of the aspects of phosphate fixation by mica and related mineral groups 
was covered in the first paper of this series (5). The present paper is an exten- 
sion of that vrork and includes a study of phosphate fixation by some of the 
metallic oxides that appear as soil minerals. The minerals studied were hema- 
tite, limonite, magnetite, rutile, quartz, and ilmenite. 

The methods used for studying phosphate fixation were the same as those 
reported in the aforementioned paper and briefly are as follows: Five grams of 
mineral, ground to pass a 100-mesh sieve by means of a mullite mortar and pestle, 
was mixed with water, sodium hydroxide or hydrochloric acid to adjust the pH, 
and orthophosphoric acid. The mixture was shaken overnight in an end-over- 
end shaker running at 6 r.p.m. in a constant temperature room at 25®. The ma- 
terial was centrifuged, and the phosphate fixed was determined by the difference 
between the amount added and that left in solution. The phosphorus was 
determined by the coeruleomolybdate method as improved by Atkins (1). The 
data recorded in the tables give the amounts of phosphate fixed by 5 gm, of 
mineral in 25 ml. of solution. This ^veight-volume relationship was always 
maintained. The solution volumes given in the tables are milliliters of 0.2 ATNaOH, 
0.2 N HCl, and H3PO4 (1.7770 gm. per liter) and are reported on this basis even 
though stronger solutions may have been used to hold the volume to 26 ml. 

All of the oxide minerals studied, except silica, had a hardness definitely less 
than that of the mullite mortar and pestle. Silica wns about as hard or possibly a 
trifle harder, and, therefore, was probably somewhat contaminated with mullite. 
No satisfactory method, however, of grinding the harder minerals, including the 
aluminum oxides, has been found. 

The data collected for the seven oxides studied are presented in tables 1 to 8. 

DISCUSSION 

The mechanism of phosphate fixation has been studied and theorized upon by 
many writers. The data from this and the preceding paper (5) are summarized 
in table 8. It is evident that the naturally occurring minerals vary considerably 
in their ability to fix phosphate. 

Minerals ground to pass a 100-mesh sieve (150-g particles) show considerable 
variation in their ability to fix phosphate. The two varieties of hematite vary in 
this respect. Magnetite is entirely inert under the experimental conditions re- 
ported in this paper. Ilmenite (FeO-TiOa) shows a mere trace of reaction with 
orthophosphoric acid, and rutile shows even less reaction. The inertness of 

^ Contribution No. 289, Departirieiit of Chemistry. 
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magnetite is in accord with the statements of Mellor (3), who lists a large number 
of chemical compounds that will not react with magnetite. In table 9 are 
recorded the quantities of HsP04 fixed per 100 gm. of iron in various iron-bearing 
minerals. If hematite reacted completely with phosphoric acid according to the 
equation Fe203 + 2H3PO4 = 2FeP04 + 3H2O it would combine with 60 per cent 
of its weight of H3PO4. The observed maximum of around 1 per cent fixed 
H3PO4 indicates that double decomposition is not complete under the conditions 
of the experimentation . 

This variation in the amount of phosphate fixed by various iron-bearing 
minerals and by different varieties of hematite indicates that both the physical 
condition of the mineral and the chemical composition are important factors in 
phosphate fixation. The inertness of magnetite (FeO • Fe203) and ilmenite 
(FeO • Ti02) in comparison vdth hematite (Fe203) and rutile (Ti02) indicates 
that the mixed oxides tend to fix less phosphate than the straight oxides. The 
compactness of the atoms in the crystal structure is probably of great import- 


TABLE 1 

Phosphate fixed by magnetite'* 


pH 

2.5 

3.0 

3.5 

4.0 

4-.5 

5.0 

5,5 

6.0 

6.5 

7.0 

7.S 

8.0 

H 3 PO 4 (1.7770 

GM. PER LITER) 














ml. 

T.jA. 

Phosphate fixed 















per cent 

0 

0 : 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 



0.2 N HCl-NaOHt 







1 








mL 

2.2 

1.8 

1.6 

1.3 

1.0 

0.7 

0.5 

0.3 


0^ 

0 

0.5 

2.5 

2 


* Phosphate fixed by 5 gm. of mineral, ground to pass 100-mesh sieve (150m), in 25 ml. of 
solution. 

t Underscored data represent milliliters NaOH. 


ance in phosphate fixation. The total iron content of a mineral is not a criterion 
of phosphate-fixing capacity over a wide range of pH values. 

The summarized data in table 8, which includes data in this paper and an 
earlier publication by Perkins and King (5), show that, of the several classes of 
minerals tCvSted, those belonging to the mica group are the most active in phos- 
phate fixation. The 100-mesh micas fix approximately six time as much phos- 
phate as the most active of the 100-mesh iron minei'als. These data are con- 
trary to the preliminary theory of the authors. This opinion was based in part 
on publications by Metzger (4) and others who showed that the removal of iron 
and aluminum from the soil greatly decreased phosphate fixation. An explana- 
tion of this deviation is that Metzger and others were dealing with much more 
finely divided iron minerals, definitely in a different physical condition and 
probably in a somewhat different chemical form. 

The greater reactivity of the 100-mesh micas Avith phosphate than of the iron 
oxides is probably associated with the more open crystal lattice. The average 
specific gravity of the micas is about 3, whereas the specific gravity of the hema- 



TABLE 2 

Phosphate fixed hy hematite No. 1 
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tite and magnetite is around 5 and that of limonite around 4. This may be 
interpreted as indicating a larger void space in the crystal-lattice structures of 
the micas than in that of the iron oxides. Speculation indicates that the in-^ 
creased phosphate fixation by the micas over the iron oxides may be due to the 
activity of the internal surface of the micas and the ability of the phosphate ion 
to reach this surface. This theory of phosphate penetration into the micas but 
not into the iron oxides is partly substantiated by the assumption that the gelat- 
inous nature of the iron phosphate precipitate would result in coating of the 
hematite particles and prevention of additional interaction between phosphate 
and iron. 

It may be assumed that if the minerals were ground much more finely, different 
results would be obtained. The particles of 100-mesh size, through an impalpa- 
ble powder, are relatively large and have a limited external surface area. The 

TABLES 


Phosphate fixed by hematite 


pH 

2.5 

i 

1 3.0 

3.5 

4.0 

4.5 

5.0 
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8.0 

H 3 PO 4 (1.7770 
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0.2 N HCl-NaOH’^ 















ml. 

1 3.9 

2.5 

1.4 

0.8 

0.7 

0.2 

T 

or 



01 

00 j 

01 

2.5 

2 

Phosphate fixed 















per cent 

11 

0 i 

0 

14 

19 

10 

15 

18 

18 ! 

17 

22 

27 



0.2 HCl-NaOH 















ml. 

5 

1.5 

1 

0 

0.5 

0.6 

0 

bo 

1.0 

1.1 

1.5 

1,8 

2.0 

10 

8 






■ — 

1 

1 — — .j 

1 

— 

— 

— 

— 




* Phosphate fixed by 5 gm. of mineral, ground to pass 100-mesh sieve (150 ix ) , in 25 ml. 
of solution. 

t Underscored data represent milliliters NaOH. 


same weight of mineral ground to l.S/u size instead of 150 would have 1,000 
times greater surface area. In the case of a dense mineral with a structure of 
such a nature that the phosphate could not penetrate, the fixation would be 
limited to the external surface area. The data presented by Perkins and TCing 
( 5 ) indicate that in the case of the mica and related groups of minerals, the 
reaction between mineral and phosphoric acid is associated ’ivith the substitution 
of A1 for Si. If this is the case, a possibility for the reaction would be: 

SKAl, (A 1 SiaOio) ( 0 H )2 + H3PO4 ^ 

3 Ala (A 1 SisOs) (0H)2 (PO4) + 3 KOH 

with the PO4 radical somehow combining with the AlSisOio radical. The above 
reaction would unite one valence from each phosphoric acid group to each of the 
.simplest mica units. If this represents the reaction between phosphate and 
mica, the mica would fix slightly over 8 per cent of its weight of H3PO4. A 
fixation of 6.84 per cent has been measured. 



Phosphate fixed by liinonite* 
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TABLE 5 

Phosphate fixed by quartz^ 


pH 

2,5 

3.0 

3.5 

4.0 

4.5 

s.o 

i 

5.5 1 

6.0 

6.5 

7.0 

7.5 

8.0 

H 3 PO 4 (1.7770 

GM. PER LITER) 

Phosphate fixed 

per cent ' 

0.2 N HCl-NaOHf ; 

8 

0 

0 

0 

3 

5 

3 

0 

0 

0 

0 

0 

ml. 

T./A, 

7nL 

1 

0.5 

0.3 

0 

0.05 

o 

o 

|0.13 

0.18 

0.21 

0.28 

00 

CO 

d 

0^5 

2.5 : 

2 


* Phosphate fixed by 5 gm. of mineral, ground to pass 100-mesh sieve (150 ju) , in 25 ml. 
of solution. 

t Underscored data represent milliliters NaOH. 


TABLE 6 

Phosphate fixed by rutile, 


pH... 

\ 2,5 

3.0 

3.5 

4.0 

4.5 

5.0 

5.5 

[ 

6.0 

6.5 

7.0 

7.5 

8.0 

HsPO* ( 1.7770 


GM. PER liter) 














ml. 

1 T./A. 

Phosphate fixed 















per cent 

6 

27 

68 

79 

99 

71 

28 

29 

31 

26 

8 

3 



0.2 HCl-NaOHt 















ml. 

2.25 

1 

1 

0.9 

0.8 

0.5 

0.1 

T 

T 

0.1 

0.3 

0.6 

2.5 

2 
















Phosphate fixed 















per cent 

27 

36 

41 

39 

41 

44 

39 

19 

15 

7 

2 




0.2 N HCl-NaOH 















ml. 

2.6 ^ 

1.0; 

0.5 




0.2 

0.3 

1.1 

1.4 

1.5 


10 

8 















Phosphate fixed 















per cent 

4 

17 

33 

23 

19 

9 

4 

3 

6 

6 

4 




0.2 N HCl-NaOH 















7nL 

1.8 

0.9 

0.5 

1.1 

1.4 

1.5 

2.0 

2.3 

2.4 

2.6 

3.2 


25 

20 





— 


, 

I 








* Phosphate fixed by 5 gm. of minerals, ground to pass 100-mesh sieve (150 m) , in 25 ml. 
of solution. 

t Underscored data represent milliliters NaOH. 


TABLE 7 

Phosphate fixed by ilmenite, FeTi{Oz)*' 



2.5 

3.0 

1 

3.5 

4.0 

4.5 

5.0 

s.s 

6,0 

6.5 

7.0 

7.5 

8.0 

H 3 PO 4 (1.7770 



GM. PER liter) 














ml. 

T./A. 

Phosphate fixed 















percent 

47 

69 

77 

31 

78 

50 

38 

30 

23 

17 

11 




0.2 N HGi-NaOHt 

\ .ml. 

2.7 

1.0 

0.5 

0.25 

0.2 


01. 

0.2 

0^ 

0.4 

0.6 


2.5 

2 

Phosphate fixed 















.per cent 

0.2 AT HOi-NaOH 

36 

31 

36 

36 

28 

25 

22 

20 

16 

11 J 

'5 : 




. ml. 

1.0 

0.6 

0.1 

0.2 

0.4 

0.5 

0.7 


1.1 


1.5 


10.0 

8 


* Phosphate fixed by 5 gm. of mineral, ground to pass 100-mesh sieve (150 n) , in 25 ml . of 

solution. 

t Underscored data represent milliliters NaOH. 
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The low fixation hy quartz is to be expected from the characteristics of the 
mineral. The data for rutile are of some interest, but because of the small 
amount of titanium in soils the results are of little practical importance. 

The fact that lOO-mesh micas fix more phosphate than the 100-mesh iroii 
minerals is not to be taken as evidence that in the soil the iron minerals are not a 
primary factor in phosphate fixation. Soils are made up of systems that are not 
comparable with pure minerals in water, and it is probable that in a soil the iron 
oxides exist as smaller-sized particles and that they coat the larger particles witli 
a film of approximately monomolecular thickness. Some attempts liave been 


TABLE S , 

Largest amount of phosphate fixed by the several minerals* 


HsPOi FIXED PER 100 GM. MINERAL 


Kaolinitcf. 

gm. 

0.28 

Talct 

0.01 

P vrophvllite t 

0.05 

Muscovitef 

6.84 

Phlogopitef 

0.96 

Biotitef 

5.25 

Margaritet 

5.78 


H 3 PO 4 FIXED PER 100 GM. MINERAL 


Magnetite (Fe304) — • • - 
Hematite No. 1 (FeaOs). 
Hematite II. 0. (FegOa). • 
Limonite (2FG20rm,0) 

Quartz (Si02) 

Rutile (Ti02) 

Ilmenite (FeO-TiOs). . . . 


0.00 

1.14 

0.07 

0.80 

0.01 

0.29 

0,01 


* All minerals ground to pass lOO-mesh sieve (150 ^i) . 
t Reported in previous paper (5). 

TABLE 9 


Phosphoric acid (IhPOi) fixed by iron minerals 


MINERAL i 

1 

FE IN MINERAL 

FI~ED PER 1(H) 
(SM. Fe 



per cent 

gm. 

Magnetite 

1 FeaOi 

72.5 

(}.(K) 

Hematite No. 1 

1 Fe203 

69.5 

1.64 

Hematite R.O 

Fe^Os 

69.5 i 

0.11 

Limonite 

2Fe203-3H20 

59.7 

1.84 

Ilmenite 

FeO-TiO. 

1 27.9 

0.04 


made to grind hematite, limonite, and magnetite to much smaller sizes than 100- 
mesh . It has been found difficult to separate the small particles of these minerals 
by water sedimentation. The fact that phosphate fixation by muscovite is at a 
maximum near pH 3.5 is of great interest, showing that the aluminum of this 
mineral is probably active. Gaarder (2) has shonm that the minimum solubility 
of aluminum phosphate in pure salt solutions occurs near this degree of acidity. 
Work is now under way by the authors to determine the effect of particle size of 
the various minerals on phosphate fixation. 


CONCLUSIONS 

Phosphate fixation in soils is dependent on a number of chemical and phy.sical 
factors. 
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The data presented for 100-mesh minerals indicate that the mica groups con- 
stitute the chief mineral species responsible for phosphate fixation by particles in 
the fine sand range. 

With 100-mesh minerals , the pH for maximum phosphate fixation was about 
3.5, which is far below the pH value at w^hich Ca and Mg are active. This value 
approximates the . value given by Gaarder for minimum solubility of iron and 
aluminum phosphate, indicating that iron and aluminum probably are important 
in phosphate fixation by these minerals. 

No phosphate was fixed by 100-mesh magnetite, but considerable quantities 
were fixed by limonite and hematite. This shows that the chemical form in 
which the iron oxide exists in the soil is of great importance in phosphate fixa- 
tion. 

From the literature, it is apparent that the particle size, or surface area pre- 
sented by the iron oxides, is a major factor in phosphate fixation in soils. 
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Conservation in the Cnited States, Second Edition. By A. F. Gxtstapson, 
C. H. Guise, Hamilton, Jr., and H. Ries. Comstock Publisliing Com- 
pany, Inc., Ithaca, New York, 1944. Pp. 477, figs. 236. Price, S4. 

This book deals with the conseiw ation of soil and water resources, forest, parks, 
and grazing lands, wildlife, and mineral resources. In the first section the prob- 
lem is primarily that of Mind and water erosion and its control. In the second 
section, protection against fire and the restoration of forest groM'th to idle and 
nonproductive land are stressed. In the third section, suggestions are offered 
for the preservation of useful fish, reptiles, birds, and other animals. The foiirth 
section deals vith mineral reseiwes and the possibilities of their exhaustion. The 
book is exceptionally well illustrated, it is easily read, and it contains a wealth 
of material, which the student of conseiwation Mill find both mteresting and 
useful. It supplements nicely Van HLse's ''The Conservation of the Natural 
Resources in the United States, ’’ the pioneer volume in this field of study. 

The Field Seed Industry in the Uniled States. By Frank B. Beck. The Uni- 
versity of Wisconsin Press, Madison, 1944. Pp. 230, figs. 49. Price, $3. 
Prepared by the economist of the Field Seed Institute of North America,, the 
book presents a record of the Mholesale and retail prictis of the more important 
field seeds, shoM^s graphically the areas of production, presents an index of the 
relation between production and consumption, state by state, gives data on carry- 
over in relation to prices, and includes a description of seed-marketing practices. 
The first chapter is an mteresting account of the beginnings of the grass seed 
industry during early colonial times. The appendix contains 43 pages of tabular 
material of special value to all those who are concerned Mith this industiMi 

The Peats of New Jersey and Their UtiUzaUmi, Bulletin 55*-“Part B. By Selman 
A. Waksman, H. Schitlhofp, C. A, Hickman, T. C. Cordon, and S. C. 
Stevens. Department of Conservation and Development, State of New 
Jersey, Trenton, 1944. Pp. 278, figs. 42, plates XV. Price, $1. 

Part B of this bulletin gives the results of a careful suiwey of the peat bogs of 
New Jersey, including data on the depth of the deposits, nature of the original 
plants, and the chemical composition of the present material. Some 200,000 
acres of true peat Mure surveyed. Sedge and reed peats, forest peats, and the 
salt marsh and alluvial peats are distinguished. In its entirety, Bulletin 55, 
comprising Parts A and B, represents a highly important contribution to our 
knowledge of this subject, and has permanent value in the literature in this field 
':.of study."': 

Pesi ' Control in ihe Home Garden. By Louis Pyenson. ' 'The MacMillan 'Com- 
pany, New York, 1944. Pp. 190, fip. IIL Price, $2. 

The exceptional feature of this very handy book is the quality of the illustra- 
tions, which show not only the weapons for defense against inscicts. but photo-: 
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graphic reproductions of many of these pests at their work of destruction. 
Anyone interested in gardening will find this a highly useful reference book con- 
taining complete instructions for the control of each insect in a very concise 
form. 

Proceedings of the Nineteenth An7iual Meeting of the National Joint Committee on 
Fertilizer Application. H. R. Smalley, general secretary. Published and 
Distributed by the National Fertilizer Association, Washington, D. C., 1944. 
Pp. 190. 

This is a report of a meeting that was held at Cincinnati, Ohio, November 9, 
1943. The organizations represented are The American Society of Agricultural 
Engineers, The American Society of Agronomy, The American Society for Horti- 
cultural Science, The Farm Equipment Institute, and The National Fertilizer 
Association. Evidence of the interest in the subject of fertilizer placement is 
shown by the attendance record, which gives the names of 169 men who are con- 
cerned in one way or another vuth the problems involved m this field of endeavor. 
Reports of all the cooperators are recorded in the Proceedings. 

The Standardization of Volumetric Solutions. Second Edition. By R. B. Brab- 
STRBET. Chemical Publishing Company, Inc., 1944. Pp. 151. Price, 
$3.75. 

The author has confined his attention almost entirely to directions for the 
preparation of standard acid, base, precipitation, and oxidizing solutions and to 
stock solutions of indicators and supplementary reagents. The necessary equa- 
tions are recorded in each case, and logarithmic and other tables for use in calcu- 
lating the data are appended. Many helpful hints are given. The book consti- 
tutes a ready reference which every laboratory analyst would be glad to have 
close at hand. 


The Editors. 



CARBONIC ACID SOLUBLE PHOSPHORUS AND LIME CONTENT OF 
IDAHO SOILS IN RELATION TO CROP RESPONSE TO 
PHOSPHATE FERTILIZATION^ 

L. E. ENSMINGER and H. W. E. LARSON* 

University of Idaho 
Received for publication June S, 1941 

Experimental data and observations show that the soils in the irrigated 
sections of southern Idaho are becoming more and more deficient in available 
phosphorus. On the basis of past experience there is every reason to believe 
that the need for readily available phosphate fertilizers will continue to increase. 
This situation has created a real need for a method of estimating the available 
phosphorus in these soils. 

Attempts to correlate chemically extractable phosphorus from calcareous soils 
with plant response have not been too successful in the past. Dilute acid 
extraction (excepting carbonic acid) is not adaptable to many western soils 
because of their calcium carbonate content. Solutions buffered with salts such 
as ammonium or sodium acetate have not been satisfactory because of the dis- 
solving power of the salt regardless of pH. These solutions will extract large 
quantities of phosphorus from calcareous soils, but the results do not show a 
significant correlation with crop response. McCeorge (3) used carbonic acid 
extraction for Arizona soils because this acid w^as the weakest one adaptable, and 
because it simulated the mechanism employed by plants in extracting phosphorus 
from the soil. McGeorge and Breazeale (1) stated that the infertility of certain 
irrigated soils in Arizona was caused by a deficiency of soluble phosphorus 
which correlated with such soil properties as water penetration, bacterial activity, 
and carbon dioxide production. The carbon dioxide producing power of a soil 
depends mainly on the amount and nature of the soil organic matter present and 
the evolution of the gas by the roots of growing plants. Workers at the Idaho 
Station have observed that there is less phosphate deficiency on land that has 
received liberal applications of crop residues and stable manure than on land 
untreated with organic matter. 

McGeorge and Breazeale (1) concluded that the solvent action of carbonic 
acid on soil phosphates in calcareous soils is mainly a function of soil reaction. 
Whitney and Gardner (8) have studied the effect of carbon dioxide on soil 
reaction. They found that the greatest reduction in pH by carbon dioxide 
occurred at pressures of less than 0.03 of an atmosphere, whereas pressures 
above 0.03 of an atmosphere caused only a gradual decrease in pH. Their data 

^ Published with the approval of the director of the Idaho Agricultural Experiment 
Station as Research Paper No. 225. 

® Formerly assistant agricultural chemist and present extension soils speciaiist, respec- 
tively. The senior author is at present soils chemist with the Florida Agricultural Experi- 
ment Station. The authors wish to thank Robert J. Rutman, former graduate assistant, for 
making some of the routine analyses. 
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show that a pressure of one atmosphere reduced the pH value of calcareous soils 
to slightly above 6 and reduced the pH of noncalcareous soils to a value below 6. 


MATERIALS AND METHODS 

Numerous phosphate fertilizer tests have been conducted in the irrigated areas 
of Idaho during the last 6 years under the supervision of the Agricultural Ex- 
tension Division. Before fertilization and yield data were obtained, soil samples 
were collected from the untreated and the phosphate-treated plots, several 
kinds of phosphate fertilizers were tested, but only the data from plots receiving 
125 to 150 pounds per acre of western treble superphosphate or TVA triple 
superphosphate were used in this study. Likewise, several crops were tested, 
but this study was limited to tests with alfalfa, sugar beets, and potatoes. The 
percentage increase in yield due to phosphate fertilization was taken as an 
indication of the degree to which natural and residual soil phosphates were 
available to the plant. For the purpose of correlating crop response with 
carbonic acid soluble phosphorus and lime content of the soil, the following four 


TABLE 1 


Relationship between response categories and increased yield of various crops when fertilized 

with phosphate 


INCREASE IN YIELD DUE TO RHOSPHATE EERTILIZATION 


RESPONSE CATEGORIES 



Alfalfa 

Beets 

Potatoes 


per cent 

per cent 

per cent 

Hone 

0-<10 

0-<2.5 

• 0--<2,5 

Low. 

10-<20 

2.5-<10 

2.5-<10 

Medium. 

20-<45 

10~<20 

10-<20 

High 

>45 1 

>20 

>20 


arbitrary response categories -were established: none, low, medium, and high. 
The relationship between the response categories and the percentage increase in 
yield for the aforementioned crops is presented in table 1. 

The carbonic acid extraction was made in the following maimer. Ten grams 
of air-dry soil w’as placed in a wide-mouthed bottle containing 100 ml. of dis- 
tilled ■water. Carbon dioxide was then bubbled through the suspension, with 
occasional shaking, for 20 minutes. The suspension was filtered and phosphorus 
determined colorimetrically on an aliquot, a Cenco photelometer being used. 
This method is similar to the one described by McGeorge (3) with the exception 
that he used a soil-water ratio of 1:5 in place of 1:10. 

The lime content wms determined by treating a soil sample of known weight 
with approximately N HCl and absorbing the evolved carbon dioxide in stand- 
ard NaOH. Barium chloride was added to the NaOH, and the excess NaOH 
titrated with standard. HOI, phenolphthalein being used as an indicator. The 
results were calculated as percentage CaCOa and will be referred to later in the 
paper as '^percentage lime/^ 
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Soil samples for which crop response data had been <^aiiie<i^ wei^^nalyzed 
for carbonic acid soluble Pi .05 and lime content. Results presented in tables 
2, 3, and 4 were analyzed statistically to determine the level of significance 
between means (5). 


RESULTS AND DISCUSSION 

The mean P 2 O 5 values of the phosphate response categories are given in 
table 2 . The difference between the means of the medium and low response cate- 
gories is highly significant. There is no significant difference between the 
means of the medium and high response categories or between the means of the 
low and no response categories. The difference between the mean P 2 O 5 values of 
the combined medium and high response categories and the combined low and no 
response categories is highly significant. 

There has been much discussion the last few years concerning the relationship 
between the free lime content of soils and the crop response to phosphate ferti- 

TABLE 2 


Carbonic acid soluble P2O6 in relation to crop response to phosphate fertilization 


RESPONSE CATEGORIES 

NUMBER OF SAMPLES 

MEAN VALUE OF SOLUBLE 
PsOi 

DIFFERENCE BETWEEN TWO 
MEANS' OP SOLUBLE 

PaOs 

High 

20 

lbs. 

9.83 

lbs» 

1.92 

7.75** 

2.00 

Medium 

25 

11.75 

Low 

21 

19.50 

None 

28 

21.50 

High plus medium 

1 

45 1 

10.93 

9.75** 

Low plus none 

49 

20.68 


** Significant at the 1 per cent point. 


lization. McGeorge (3) reported that CaCOs reduces the availability and 
absorption of phosphate because it furnishes calcium ions and affects the soil 
reaction. Toevs and Baker ( 6 ) pointed out that the higher the lime content, 
the greater the need for phosphate fertilization. Salter and Barnes (4) reported 
that the long-time field experiments at Wooster, Ohio, show’cd a notable tendency 
for phosphate response to decline as the soil reaction w^as changed from about 
pH 5.0 to about pH 7.5 by repeated lime applications. They also reported data 
from a short-time legume-reaction experiment in wdiich crop response to super- 
phosphate was tested at five reaction levels ranging from pH 4.5 to 7.5. With 
most crops very nearly maximum yields were obtained at the highest reaction 
level without phosphate. They concluded that satisfactory yields of crops 
could be produced with the minimum investment in phosphate fertilizers by 
maintaining the reaction at about pH 7.5. Truog (7), in discussing phosphate 
availability, pointed out that soils with a pH of 6.5 or above but containing less 
than 2 per cent calcium carbonate usually contain the greatest amount of 
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available phosphorus, but at pH 8.0 and above in the presence of 2 per cent or 
more of calcium carbonate the availability of phosphorus may be lowered in some 
cases to less than that of basic iron phosphate. 

The relationship between lime content and crop response is presented in 
table 3 . Soils falling in the arbitrarily selected 0.5- <1.0 per cent lime range 
show the lowest response to phosphate fertilization, and the difference between 
the mean response of these soils and that of the soils in the 1 . 0 ~< 2.0 per cent 
lime range is highly significant. Beyond the 1.0- <2.0 per cent lime range there 
is no appreciable change in response with increasing lime content. The exact 
lime content above which response is rather high is not apparent because of 
an insufficient number of samples, but it appears to be very close to 1.0 per cent. 
Soils containing <0.01 per cent lime show a significantly higher response than 
soils containing 0.01- <1.0 per cent lime. The relationship between lime content 

TABLE 3 


Lime content of soils in relation to crop response to phosphate fertilization 



1 

NtniBER OR SAMPLES 

MEAN VALVE OP 
RESPONSEf 

DIFPERENCE BETWEEN 
MEANS OF RESPONSE 

per cent 

0 

34 

2.76 

0.68* 

0.01-<0.50 

25 

2.08 

0.30 

0.96** 

0.09 

0 

0.50-<1.0 

18 

1.78 

1.0-<2.0 

19 

2.74 

2.0-<4.0 

13 

2.85 

>4.0 

26 

2.85 


t Eesponse categories were given the following numerical values : high = 4, medium « 3, 
low « 2, and none « 1. 

* Significant at 5 per cent point. 

** Significant at 1 per cent point. 

Note: The mean of the 1.0~<2.0 per cent and the means of all ranges above it are also 
significantly higher than the mean of the 0.5~<1.0 or the 0.01-<0.5 per cent range. 

and soluble P3O5 (table 4) is in accord with the relationship between lime and 
crop response, that is, soluble P 2 O 6 is highest in the lime ranges which show the 
lowest response, and vice versa. Also, beyond the 1.0- <2.0 per cent lime range 
there is no appreciable change in soluble P 2 O 5 with increasing lime content. 

In analyzing a soil to determine its probable response to phosphate ferti- 
Ization, therefore, both carbonic acid soluble P 2 O 6 and lime content should be 
determined. These two determinations plus a knowledge of the field conditions 
should give a fairly reliable mdication of the probable crop response to phosphate 
fertilization. According to the data presented, a soil containing less than 16 
pounds per acre of carbonic acid soluble P2O5 and more than 1.0 per cent lime 
would very likely give a medium or high response. Soils containing more than 
16 pounds per acre of soluble P 2 O 5 and 0 . 01 - < 1.0 per cent lime would very likely 
give a low response or none. Soils which do not contain free lime show a medium 
response but contain slightly more than 16 pounds per acre of soluble P 2 O 6 . In 
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this case a medium amount of phosphate fertilizer should be recommended, since 
these soils are not significantly lower in soluble PaOs but do show a significantly 
higher response than the soils witti 0.01- < L0 per cent lime. Soils that have 
more than 25 pounds per acre of soluble PaOs seldom respond to phosphate 
fertilization. Obviously the foregoing procedure for estimating probable crop 
response is not completely satisfactory, but the authors have found it very help- 
ful in making phosphate fertilizer recommendations for the irrigated soils of 
Idaho. 

The relationship between lime content and crop response may be partly 
explained on the basis of soil reaction. As would be expected, the soils con- 
taining no free lime have a lower average pH than soils containing lime. 
McGeorge and Breazeale (2) found that iron and aluminum hydroxides in 
calcareous soils cause considerable phosphate fixation. The fact that the re- 
action of these soils is more favorable for phosphate fixation by iron and alu- 
minum than the reaction of soils containing a small amount of lime may account 

TABLE 4 


Carbonic acid soluble of soils in relation to lime content 


LIKE 

NirKBEt OF SAKFLES 

MEAK VALtTE OF PaO» 

FEE ACRE 

DIFFERENCE BETWEEN 
KEANS 

per cent 


lbs. 

lbs. 

0 

75 

17.58 

1.85 

2.41 

9.90** 

0.88 

0.22 

0.01-<0.50 

35 

19.43 

0.5-<1.0 

19 

21.84 

1,0-<2.0 

17 

11.94 

2,0-<4.0 

26 

12.82 

>4.0 

51 

13.04 


** Significant at 1 per cent point. 

Note: The mean of the 1.0-<2,0 per cent range and the means of all ranges above it 
are also significantly lower than the means of all ranges below 0.5- <1.0 per cent. 


for the significantly higher response of these soils as compared to those having 
0.0i“< 1.0 per cent lime. Soils with more than 1 ,0 per cent lime have an average 
pH value of about 8.25. According to McGeorge and Breazeale (1) and Truog 
(7) a pH of 8.25 would fall in the reaction range of lowest solubility for calcium 
phosphates. Soils containing 0.01-<L0 per cent lime have an average pH of 
approximately 7.75, which is too high for very much iron and alummum fixation 
but not high enough to fall in the reaction range of lowest calcium phosphate 
solubility. 

According to the data in table 2 approximately 50 per cent of the soils show a 
medium or high response to phosphate fertilization. Three hundred soil samples 
taken at random from the same general area were analyzed for carbonic acid 
soluble PjiOs. Approximately 50 per cent of tlie soils contained less than 16 
pounds per acre of soluble PaOe, which would indicate a probable medium or 
high response. These data indicate a rather widespread phosphate deficiency 
and emphasize the importance of phosphate availability studies on these soils. 
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CONCLUSIONS 

Soil samples of known crop response to phosphate fertilization were analyzed 
for carbonic acid soluble phosphorus and lime content for the purpose of cor- 
relating results thus obtained with crop response. To aid in the correlation the 
following four arbitrary degrees of response categories were established: none, 
low, medium, and high. 

The difference between the mean P 2 O 5 values of the combined medium and 
high i^esponse categories and the combined low and no response categories was 
highly significant. Soils in the medium response category were significantly 
higher in soluble PA than soils in the low response category. There was no 
significant difference between the means of the high and medium response 
categories or between the means of the low and no response categories. 

Soils containing 0 . 5 - <1.0 per cent lime showed the lowest response to phos- 
phate fertilization, and the mean response of these soils as compared to the mean 
response of the soils in the 1 . 0 - < 2.0 per cent lime range was highly significant. 
Beyond the 1.0- <2.0 per cent lime range there was no appreciable change in 
response with increasing lime content. Soils containing less than 0.01 per cent 
lime gave as great a response as soils containing more than 1.0 per cent lime. 
Carbonic acid soluble P 2 OS was highest in the lime ranges which showed the 
lowest response, and vice versa. Also, there was no significant change in soluble 
P2O5 with increasing lime content in the lime ranges greater than 1 . 0 - < 2.0 
per cent. 

The data presented show that approximately one half of the soils of the 
irrigated areas of southern Idaho gave a medium or high response to phosphate 
fertilization. 
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AIR AND SOIL TEMPERATURES IN A CALIFORNIA 
CITRUS ORCHARD^ 

DONALD E. BLISS® 

University of California Citrus Experiment Station 
Eeeeived for publication June 3, 1944 

Air temperatures in the citrus-growing districts of California have received 
considerable attention because of the possibility of frost injury to fruit and trees 
during the winter months. Little is known about soil temperatures, however, 
especially those of the southern coastal region, where the principal plantings 
of oranges and lemons are situated. Girton (4) observed growth in citrus roots 
at temperatures between 55.4° and 98.6° F,, the most rapid elongation occurring 
at 80.6°. Fawcett (3) reported a similar range of temperatures to be favorable 
to the germination of citrus seeds. Webber (9), in a recent discussion of the 
growth and temperature relations of citrus, pointed out that ‘^soil temperatures 
at a one-foot depth at Riverside, California, ordinarily do not go above 55° F. 
during February. They continue cool throughout March, ranging commonly 
between 50° F. and 65° F. but remaining for extended periods approximately at 
55° F. Under such conditions root growth would be expected to remain inactive, 
at least until the latter part of March, as it apparently does. . . 

In connection with an investigation of the armillaria root rot of citrus, air and 
soil temperatures have been carefully studied in a Valencia-orange orchard in the 
coastal region near Anaheim, California. Data obtained without intermption 
from February, 1939, to July, 1943, appear to be of sufficient importance to 
warrant separate publication. A similar study of air and soil temperatures in a 
date garden in the inland region near Indio, California, w^as reported in 1942 by 
Bliss, Moore, and Bream (1). These two studies have revealed certain dif- 
ferences in the relation of air and soil temperatures at Indio and at Anaheim, 
Underlying reasons for these differences are discussed. 

TEMPEEATOBE HEADINGS 

The temperature data for the present study were obtained in an orchard of 
mature Valencia-orange trees' situated 1| miles west of Anaheim, California, .on 
the broad ^ flood plain of the, Santa Ana River. In this locality , irrigation, is 
necessary in' '.summer because 'precipitation is low (about 12 inches' annually) and 
occurs mostly from November to April. Situated at an elevation of about 160 
feet and at a distance of 10 miles from the coast line, the orchard is subject to the 
prevailing cool ocean breezes from the southwest, and to occasional hot, dry 

^ Paper No. 514, University of California Citrus Experiment Station, Riverside, Cali- 
fornia, 

* Associate plant pathologist in the experiment station. The author is indebted to 
Herman H. Freese, in whose orchard these data were obtained, and who recorded the tem- 
peratures, and also to H, E. Wahiberg, Robert O. Bream, Newton Noble, Carl Moore, George 
Jeffrey, Elizabeth Parker, and L. C. Masters for their cooperation and assistance. 
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winds arising in the interior desert regions to the northeast. The soil is classi- 
fied as Hanford sandy loam (2) ; its texture at different depths is shown in table I. 

The vertical distribution of citrus roots in this soil is indicated by the data 
presented in table 2. Roots from an excavation SO inches wide, 57 inches long, 
and 52 inches deep, in soil that had not been disturbed for more than 4 years, 
near the t'drip'' of a tree in close proximity to the temperature instruments, 
■were measured and weighed. None of the taproots or larger lateral roots were 
encountered. Slightly more than half of the roots (by weight) were found in 
the upper 18 inches of soil; a few extended to a depth of 52 inches (table 2), 

TABLE 1 


Texture and moisture content of Hanford sandy loam at site of temperature instruments in 

orchard at Anaheim, California* 


DEPTH 

TEXTTJEE 

MOISTTJEE CONTENT 

feet 


per cent 

0~1 

Sandy loam 

18.5 

1~2 

Coarse sandy loam 

12.8 

2-3 

Coarse sandy loam 

13.6 

3-4 

Loamy sand 

20.6 

4-5 ’ 

Sandy loam (upper 9 inches), clay 

15.5 

5-6 

Clay (upper 2 inches), sand 

10.5 

6-7 

Sharp sand 

4.1 

7-8 

Sharp sand 

2.6 

8-9 

Sharp sand 

2.5 


* Determinations made by Martin R, Huberty, February 14, 1939. 


TABLE 2 

Vertical distribution of roots of orange tree in soil near temperature instruments 


DEFTH 

- ' ' j 

DIAMETEE OP LAEGEST EOOT 

EOOTS, DEY-WEIGHT BASIS 

inches 

mm. 

gm. 

per cent 

0- 6 

6.5 

33.20 

10.72 

6-18 

12.9 

124.90 

40.32 

18-30 

7.6 

104.71 

33.80 

30-42 

6.1 

41.05 

13.25 

42-52 

3.2 

5.90 

1.91 


The site chosen for this study was near the center of a 5-acre block of Valencia- 
orange trees, bordered on the west, north, and east by windbreaks of eucalyptus 
trees. A carefully leveled rectangular area, 24 by 48 inches, near the southeast 
side of a tree, was selected for the installation of the instruments (fig. 1). On 
clear days this area was normally exposed to the sun from early morning to mid- 
afternoon. A low wire fence excluded small animals from the area. The surface 
of the soil was kept free from weeds and cover crop during the period of the 
temperature readings; irrigation water was permitted to cover the entire area. 

An air thermograph and maximuni-ininiinum thermometers were installed 5 
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inches Ijelow the surface, were of the emersion type. In each case the upper 
end of the mercuiy column could be read on the scale without lifting the 
thermometer. 

Foi’ measurement of the temperatures of unshaded soil at depths of 2, 3, 4, 6, 
and 8 feet, respectively, standard thermometers encased in metal armor were 
lowered by means of copper wires into bakelite pipes. The pipes had been 
inserted in vertical holes made by driving a soil tube into the soil to the different 
desired depths. The bulbs of the thermometers, except the lower end, which 
touched the soil, were wrapped with asbestos and adhesive tape to prevent 
cooling by the evaporation of moisture when the thermometers were raised to 
the surface for reading. The exposed ends of the pipes protruded 3 inches above 
the ground and were kept tightly closed with rubber stoppers to which the copper 
wires were attached. Readings were made on these standard thermometers 
once each week (table 3) at the time when the thermograph charts were changed. 

Weekly mean temperatures of the air and of the soil (table 3) at 3-, 6-, and 
T2-inch depths in unshaded soil, and at a 3-inch depth in shaded soil, were calcu- 
lated from the thei’inograph charts by means of a polar planimeter. The method 
wtis t}i(‘ same as that described by Bliss, Moore, and Bream (1). Corrections 
were. mad(‘ on the weekly mean temperatures of the air and of the soil at 3- to 
24-ineli depths. Soil temperatures at 3- to 8-foot depths could be checked 
during the study only by inspection and comparison. At the close of the stud}?', 
however, all tlie standard thermometers were tested at five different temperature 
ie\’els and were found to agree within 0.5® F. with a certified thermometer. 
Other precautions included the use of uniform bakelite pipes (a material having 
low lH‘at <*ondu(*ti\'ity) and the burying of the thermograph capillary tubes at 
the same de])ths as the bulbs. With few exceptions, the thermometers were 
read and the* charts changed regularly each Monday at 7:00 a.m.^ Two of the 
th{a*nn.)graph bulbs had to be taken up temporarily for repair, but the instru- 
BHints w(‘r(.‘ gi‘n(M*all}' \'er\' accurate, and considerable confidence is expressed 
in the data oldained. 

Although tlie data are summarized principally as weekh" mean temperatures 
(table 3), additional information on the }^early range of air and soil temperatures, 
1931)"-i942, is given (table 4). Whereas in this period the minimum air tem- 
peratui’es were 27° to 32°F., the maximum air temperatures ranged from 93° to 
111°. The yearly range of recorded temperatures in the unshaded soil was 
greatest at a depth of 3 inches and least at 8 feet. The yearly ranges of tem- 
perature for tlie different depths, considered separately, were remarkably uni- 
form, especially those at the lower levels. The maximum temperatures at the 
3-inch depth were more than 20 degrees cooler in shaded soil than in unshaded 
soil. 

Various meteorological conditions were associated with wide variations in 
the range of daily temperature fluctuations in the air and in soil near the surface 
during this study. Hourly temperature readings of air and of unshaded soil 
at (l(‘pt}js of 3, (), and 12 inches, respectively, were transcribed from certain 
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Weekly mean temperatures of air and soil* in a Valencia-orange orchard at Anaheim^. Cali-' 
fornia, Fehruaryy to July^ 19^$ 


DATE, WEEK 

E2«i>ing; 

TEMPERA* 
TGEE OP 
AH 

TEMPERATtrEE OP SOIL AT DIP flRlNX DETOS ' . 

Shaaed 

Uasfetded 

3 mcihes | 

3 inches 

6 inches | 

i foot 

2 feet 

3 feet 

4 feet 

i 6: feet , 

8. feel ■' 


■•F, 

"F. 

®F. 

•F, 

"F. 

*F. 

. *F. . 

*F,, 



1939 


Feb* 20 

48 



51 

52 

51 

52 

53 

54 

56 

27 

49 



53 

53 

53 

52 

53 

,54 

56 

Mar. 6 

46 



49 

51 

51 

62 

53 

54 

56 

13 

47 



53 

54 

54 

53 

53 

54 

56 

20 

53 



56 

55 

55 

55 

54 

.54 

56 

27 

52 



56 

56 

55 

55 

55 

55 

56 

Apr. 3 

55 



58 

58 

58 

57 

56 

m 

56 

10 

60 



65 

63 

62 

60 

58 

56 

57 

17 

54 



64 

64 

61 

60 

59 

58 

57 

24 

58 



66 

65 

63 

62 

60 

59 

58 

May 1 

57 



64 

64 

64 

62 

61 

60 

59 

8 

58 



66 

66 

65 

63 

61 

60 

59 

15 

60 



65 

66 

64 

63 

62 

61 

60 

22 1 

60 



65 

65 

65 

63 

62 

61 

60 

29 

64 



70 

69 

68 

65 

63 

62 

61 

June 5 

63 



70 

70 

68 

67 

65 

63 

61 

12 

65 



•t 

67 ! 

67 

66 

65 

64 

62 

19 

62 



67 

68 

67 

66 1 

65 

64 

62 

26 

64 



69 

69 

68 1 

67 

66 

64 

63 

July 3 

68 



71 

71 

71 

69 

67 

65 

63 

10 

66 



73 

73 

72 

70 

68 

66 

64 

17 

70 



75 

75 

73 

71 

69 

66 

65 

24 

68 



73 

73 

71 

71 

70 

67 

66 

31 




71 

71 

70 

70 

69 

■67 

65 

Aug. 7 

70 



74 

73 

73 

71 

70 

68 

66 

14 

66 



74 

74 

73 

71 

70 

68 

.66 

21 

68 



76 

75 

75 

72 

70 

68 

66 

,, , 28. 

70 



77 

77 

, 74 

73 

71 

69 

67. 

Sept. 4 

68 



72 

73 

72 

72 

71 

69 ' 

67 

„ ;■■■„■ '11 

70 



74 

73 

74 

71 

70 

69.. 

67 

18 

69 



75 

74 

74 

72 

■ 70 

■. '69 

68 

25 

84 



85 

82 

78 

75 

72 

■■ .70 

68 

Oct. 2 

63 



71 

72 

■ .72. ' 

71 

■ 71'"" 

70'" 

68 

9 

58 



67 

71 

67 

69 

''19 

69 

68 

16 

66 



70 

69 

.69" 

■ 68 

■68 

68 

67 

23 

64 



70 

69 

69 

68 

; 68 ... 

67 

67 

30 

58 



66 

67 

66 

66 

■■67 '■ 

67 

67 




TABLE 3— Continued 




TEMPERATURE OE SOIL AT DIIFERENT DEPTHS 

BATE* WEEK 

TtTREOE i 
AIE j 

Shaded 

1 Unshaded 

ending: 

3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

6 feet 

8 feet 



°F. 


^F. 

“F. 

“F. 

®F. 

"F. 

*F. 

'■F. 


1939— Continued 


Nov. 6 

60 



66 

65t 

65 

65 i 

66 

66 i 

66 

13 

56 



64 

63{ 

63 

64 

65 

65 

66 

20 

66 



60 

60J 

61 

63 

64 

65 

65 

27 

68 



60 

1 59 

61 

1 62 

62 

64 

64 

Dec* 4 

66 



58 

58t 

59 

1 61 

i 62 

63 

■ 64 

11 

68 



58 

59t 

60 

1 60 

1 61 

62 

63 

18 

64 



56 

68t 

57 

59 

: 60 

62 

63 

25 

48 



54 

54t 

54 

57 

59 

61 

62 


1940 


Jan. 1 

60 



52 

53t 

55 

56 

57 

59 

61 

8 

62 



54 


56 

57 

57 

59 

61 

15 

54 i 



56 

m 

56 

57 

58 

59 

60 

22 

48 



52 

B2t 

53 

55 

57 

59 

60 

29 

54 



54 

54t 

55 

55 

56 

58 

60 

Feb. 5 

54 



58 

55t 

1 56 

56 

57 

57 

59 

12 

50 



56 

541 

56 

56 

57 

58 

59 

19 

48 



54 

52t 

55 

55 

56 

57 

59 

26 

66 



56 

57 

57 

56 

56 

57 

59 

Mar. 4 

66 



60 

55 

58 

58 

57 

57'' '1 

59 

11 

54 



60 

59 

58 

58 

58 

58 1 

59 

18 

54 



60 

59 

59 ^ 

58 

58 

58 

59 

25 

56 



60 

61 

59 

59 

58 

58 : 

59 

Apr. 1 

58 



62 

61 

60 

59 

59 

59 

59 

8 

54 



60 

61 

60 

60 

59 

59 

59 

15 

66 



67 

65 

65 


60 

59 

59 

22 

58 



67 

66 

65 

63 

61 

60 

60 

29 

56 



63 

64 

62 

62 

62 

61 

60 

May 6 

62 



67 

65 

65 

63 

62 

61 

61 

13 

I 64 



71 

68 

68 

65 

63 

1 62 

61 

20 

63 

61 

73 

72 

70 

69 

67 

65 

1 63''': 

62 

27 

64 

63 

71 

71 

69 

69 

1 67' 

66 

64 

63 

June 3 

64 

62 

72 

71 

70 

70 

1 68 

66 

65 

63 

10 

63 

63 

i 69 

1 69 

69 

67 

I 67 

66 

65 

64 

17 

64 

63 

i 68 

1 68 

67 

67 

67 

66 

65 

64 

24 

64 

63 

67 

1 67 

67 

68 

1 67 

66 


■■.'64;., 

July 1 

64 

63 

70 

70 

69 

70 

68 

67 

■■■'■■':65':': ■' 


8 

66 

65 

74 

73 

72 

/72'" 

70 

:;68'"".- 

^■'.■■■:':66;. ■■■:' 

'■'■'■65: 

15 

71 

67 

78 

76 

76 

■' 74 

.■'^■■■7i:;: 

■''•■■■69-''''' 

'■^''■■67':"^■. 

65 

22 

64 

1 64 

77 

74 

74 

■" '"73 '■■■'■ 

71 

70 

68 

66 

29 

67 

' 67 

75 " ■ " 

' ■ ■ 74 V 

'74 ■ 

'•■■■■■'.'■ 71 "■■' 

'■■7F"""': 


68 

66 



TABLE 3—0oatiiQiied 


DATE, WEEK 

ending: ! 

XEMPESA- 
TITRE OE 
AIK 

1EMI»E»ATDEE 0? SOIL AT DIFFERENT DEI’THS 

Shaded 

Unshaded 

3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

6 feet 

S feet 

^F. 

^F. 

®i?. 

®F. 

^P, 

®F. 

°p. 

•f. 


“F. 


1940'~Coiitmiied 


Aug. 5 

67 

67 

74 

73 

72 

72 

70 1 

69 i 

68 

67 

12 

70 

68 

79 

77 

76 

75 

72 1 

70 

69 

67 

19 

67 

66 

76 

77 

75 

74 

72 i 

71 

69 

67 

26 

67 

66 

78 

79 

76 

75 

73 I 

71 

70 

68 

Sept. 2 

66 

66 

76 

78 

75 

73 

72 

71 

70 

68' 

9 

66 

65 

72 

72 

72 

71 

71 

71 

70 

68 

16 

65 

65 

73 

73 

72 

72 

71 

70 

69 

68 

23 

64 

64 

73 

74 

72 

72 

71 

70 

69 

68 

30 

65 

64 

77 

76 

74 

73 

71 

70 

69 

68 

Oct. 7 

61 

62 

73 

72 

72 

71 

70 

70 

69 

68 

14 

63 

63 

69 

70 

69 

68 

68 

68 

68 

68 

21 

66 

64 

70 

69 

69 ^ 

68 

68 

' 68 = 

68 ’ 

67 

28 

60 

63 

65 

68 

68 

65 

66 

67 1 

67 

67 

Nov. 4 

56 

57 

61 

62 

63 

63 

64 

65 

66 

66 

11 

55 

56 

59 

59 

60 

60 

62 

63 

65 

65 

18 

59 

58 

56 

58 

59 

59 

61 

62 

64 

65 

25 

48 

51 

52 

54 

55 

55 

58 

60 

62 

64 

Dec. 2 

53 

51 

53 

53 

54 

55 

57 

59 

61 

63 

9 

54 

53 

55 

55 

55 

55 

57 

58 

60 

62 

16 

54 

52 

55 

55 

56 

55 

57 

58 

60 

61 

23 

53 

53 

56 

55 

55 

56 

57 

58 

59 

61 

30 

50 

53 

54 

54 

55 

55 

56 

57 

59 

60 


1941 


Jan. 6 

48 

51 

52 

62 

63 

53 

55 

56 

68 

60 

13 

51 

52 

54 

54 

54 

54 

55 

56 

58 

60 

20 

49 

50 

62 

52 

53 

53 

55 

56 

57 ' 

59 

27 

51 

52 

53 

53 

53 

54 

65 

55 

57 

59 

Feb. 3 

54 

53 

57 

56 

56 

56 

56 

66 

57 

68 

10 

54 

53 

57 

66 

56 

56 

56 

66 

57 

S8 

17 

51 

54 

58 

57 

57 

56 

56 

56 

57 

58 

24 

55 

66 

60 

60 

58 

58 

57 

,57 

57 

■ 58' 

Mar. 3 

53 

55 

59 

60 

59 

58 

58 

58 

68 

59 

10 

56 

55 

61 

61 

60 

59 

58 

'58 

■58 

59 

17 

57 

57 

62 

63 

62 

60 

59 1 

59 - 


59'' 

24 

55 

57 

62 

63 

62 

60 

59 : 

69''„.'" 

'.59'. ■■■ 

59 

31 

57 

58 

64 

65 

63 

: 61 , 

■ ' 60' 


'59'" 

; 69,"' 

Apr. 7 

63 

56 

51 

62 

61 

m 

60 


59' 

''59'' 

14 

53 

56 

60 

60 

61 

59 

60 

'■60 ^ 

'6C}., 

■■ 'OO"' 

21 

52 

54 

60 

61 

60 

' m... 

60 

60 . : 

■'SO'-'- 

■' ' '60 

28 

1 

62 . 

58 

64 

■ .64 . ■ 

62 

62'' ■' 

61 

60 

60 

60 


m- 



TABLE 3— Continued 



XEMPEEA- 
TUM OE 
AIK 

XEKPEEATOTE OE SOIL AT DUEEKENT DEPTHS 

DATE, WEEK 

Shaded 

1 Unshaded 

ENDING: 

3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

6 feet 

8 feet 


®F. 

“F. 

“F. 

*F. 

«F. 

"F. 

^F. 

‘‘F. 

"F. 

•F. 


1941— Continued 


May 6 

56 

58 

63 

62 

61 

62 

61 

61 

60 

60 

12 

68 

65 

73 

70 

68 

67 

64 

62 

61 

60 

19 

60 

61 

69 

68 

67 

66 

65 

64 

62 

61 

26 

66 

62 

73 

73 

71 

69 

67 

65 

63 

62 

June 2 

62 

63 

71 

70 

67 

69 

67 

66 

64 

62 

9 

60 

63 

69 

70 

69 

68 

67 

66 

65 

63 

16 

64 

63 

72 

72 

71 

69 

68 

67 

65 

. . 

23 

64 

65 

74 

74 

73 

72 

70 

68 

66 

. . 

30 

61 

63 

66 

68 

68 

68 

68 

68 

67 

65 

July 7 

64 

64 

69 

69 

67 

70 

68 

67 

66 

65 

14 

66 

66 

73 

73 

71 

71 

70 

68 

67 

65 

21 

67 

67 

78 

77 

74 

75 

71 

70 

67 

66 

28 

66 

67 

76 

76 

74 

74 

72 

70 

68 

66 

Aug. 4 

67 

66 

75 

76 

74 

73 

72 

71 

69 

67 

11 

66 

67 

71 

73 

71 

71 

71 

70 

69 

67 

18 

69 

69 

75 

76 

73 

74 

71 

70 

69 

67 

25 

67 

68 

78 

79 

77 

75 

73 

71 

69 

67 

Sept. 1 

64 

65 

72 

73 

73 

73 

72 

71 i 

70 

68 

8 

65 

66 

74 

76 

74 

72 

72 

71 

69 

68 

15 

63 

65 

69 

73 

71 

70 

70 

70 

69 

68 

22 

61 

62 

68 

69 

69 

69 

69 

69 

69 

68 

29 

59 

59 

72 

72 

69 

70 

69 

69 

68 

67 

Oct. 6 

64 

59 

73 

72 

72 

71 

70 

69 

68 

67 

13 

60 

61 

73 

72 

71 

70 

69 

68 

68 

67 

20 

62 

62 

71 

71 

70 

69 

69 

68 

67 

67 

27 

53 

58 

60 

61 

62 

63 

64 

65 

66 

66 

Nov. 3 

55 

56 

60 

60 

60 

62 

63 

64 

65 

66 

10 

60 

60 

63 

64 

62 

63 

63 

63 

64 

65 

17 

58 

59 

62 

62 

60 

62 

62 

63 

64 

64 

24- 

48 

50 

52 

53 

57 

56 

59 

61 

63 

64 

Bec. 1 

53 

52 


54 

55 

56 

58 

59 

61 

63 

8 

50 

53 


54 

55 

55 

57 

59 

60 

62 

' 15 

51 

53 


53 

54 

55 

56 

58 

60 

61 

,.'22 

50 

53 


54 

55 

55 

56 

57 

59 

61 

29 

44 

47 


47 

48 

51 

53 

56 

58 

60 


1942 


Jan. 5 

40 

46 


47 

49 

50 

- 62 

55 

57 

60 

12 

53 


54 ■ : 

50 

50 

52 

53 ' 

54 

56 

59 

19 

53 


' , 54 ■ 

54 

53 

53 

54 

54 

56 

68 

26 

55 


54 ■. 

55 

64 ■ ' i 

54 

54 

55 

56 

58 
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TABLE 3 — Coatinued 




I:: 

I- 


'j>A,TE, WEEK 

ending: 

TEMPEEA- 
TUltE OE 
AIK 

TEMPEEATOEE Of SOIL AT DiffEEENT DEPTES 

Shaded 

Unshaded 

3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

d feet 

i; 8 feet 

•F. 

•F, 

•F. 

•F. 

•F. 

•F. 

•F* 

•F. 

*F. 

1 *F. 


1942 — Continued 


Feb. 2 

61 


54 

54 

55 

54 

54 

m 

56 

68 

9 

62 


56 

54 

53 

55 

55 

55 

56 

68 

16 

47 


62 

53 

64 

52 

54 

55 

56 

68 

23 

47 


53 

63 

53 

53 

63 

54 

56 

67 

Mar. 2 

49 


54 

54 

54 

54 

54 

54 

55 

57 

9 

62 


60 

69 

58 

57 

55 

55 

56 

57 

16 

61 


58 

58 

58 

55 

56 

56 

m 

67 

23 

51 


60 

59 

58 

57 

56 

56 

56 

57 

30 

62 


64 

62 

61 

60 

57 

56 

66 

67 

Apr. 6 

57 


65 

63 

62 

60 

59 

58 

57 

68 

13 

56 


61 

60 

60 

59 

58 

58 

67 

ss 

20 

55 


62 

62 

60 

60 

59 

58 

58 

58 

27 

53 


64 

61 

61 

60 

59 

69 

58 

58 

May 4 

53 


61 

61 

60 

59 

59 

59 

68 

59 

11 

58 


63 

64 

62 

61 

60 

59 

69 

69 

18 

55 


63 

62 

62 

62 

61 

60 

69 

59 

25 

63 


70 

70 

68 

66 

64 

62 

60 

60 

June 1 

69 


69 

69 

68 

68 

65 

63 

61 

60 

9 

61 


70 

70 

67 

68 

66 

64 

62 

61 

17 

63 


66 

67 

67 

66 

65 

64 

63 

62 

22 

61 


67 

67 

66 

66 

65 

64 

63 

62 

29 

63 


71 

71 

70 

68 

67 

65 

64 

62 

July 6 

65 


71 

71 

70 

70 

68 

66 

65 

63 

13 

68 


78 

75 

74 

73 

70 

68 

65 

64 

20 

68 


79 

78 

77 

75 

72 

69 

67 

64 

27 

68 


75 

75 

74 

72 

71 

70 

68 

65 

Aug. 3 

64 


74 

72 

71 

72 

70 

70 

67 

66 

10 

67 

69 

78 

77 

74 

73 

71 

70 

as 

66 

17 

68 

68 

78 

78 

76 

74 

72 

70 

69 

68 

24, 

69 

69 

81 

82 

78 

75 

73 

71 

69 

67 

31 

64 

66 

78 

78 

77 

74 

73 

71 

69 

67 

Sept. 7 

58 

63 

69 

70 

69 

69 

69 

70 

69 

67 

■14; 

62 

64 

70 

71 

70 

70 

69 

69 

6,8 

67 

/.21',' 

'■ '64 

64 

74 

74 

73 

71 

70 

. 69 

68 

67 

28 

65 

66 

76 

76 

, 74 

71 

70 

;,69' ; 

68 

67 

Oct. 5 

64 

64 

72 ' 

73 

71 

71 

70'' 

■■ '69 ■ 

, es.'". 

,'67 ' 

12 

63 

64 

71 

72 

71 

70 

70' 

■• ■ 69 

68 

67 ■ 

19 

61 

62 

70 

71 

69 

"69 

■' ■ 68' ■■ 

68 

,■'67 

66 

26 

62 

64 

67 

69 

68 

; 66 

1 m 

67 

67 

m ■ ", 
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TABLE 3— Continued 



TEMPERA- 
TURE OP 
AIR 

TEMPERATURE OP SOIL AT DIPPERENT DEPTHS 

DATE, WEEK 

Shaded 

1 Unshaded 

ending: 

3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

6 feet 

8 feet 




“i?. 



^F, 

“jP. j 

^F, 


°F. 


1942— Continued 


Nov. 2 

1 57 , 

58 

61 

62 

61 

62 

64 

65 

66 

66 

9 

56 

58 

60 

61 ! 

61 

61 

63 

63 

65 

65 

16 

58 

58 

60 

61 

61 

61 

62 

62 

64 

65 

23 

53 

55 

56 

58 

58 

58 

60 

61 

63 

64 

30 

51 

54 

55 

56 

56 

57 

58 

60 

62 

63 

Dee. 7 

51 

53 

53 

65 

57 

56 

58 

69 

61 

62 

14 

48 

50 

50 

50 

52 

53 

57 

i 57 

60 

61 

21 

52 

51 

62 

52 

53 

54 

55 

1 57 

69 

61 

28 

51 

51 

52 

52 

53 

53 

55 

56 

68 

60 


1943 


Jan. 4 

51 

51 

52 

53 

53 

53 

54 

55 

57 

60 

11 

49 

48 

49 

51 

51 

51 

53 

54 

56 

59 

18 

49 

49 

50 

51 

50 

52 

53 

54 

56 

58 

25 

49 

50 

60 

50 

I 51 

53 

53 

54 

55 

58 

Feb. 1 

51 

63 i 

64 

53 

i 54 

: 54 

54 

54 

55 

58 

8 

50 

51 

53 

52 

i 63 

53 

54 

54 

55 

57 

15 

55 

63 

55 

54 

54 

55 

1 54 

54 

55 

57 

22 

55 

54 

57 

57 

67 

66 

55 

65 

55 

67 

Mar. 1 

60 

54 

54 

55 

56 

55 

55 

55 

66 

57 

8 ! 

56 

66 

68 : 

67 

58 

57 i 

56 

56 

56 

57 

16 

56 

56 

69 

59 

60 

58 

58 

57 

67 

58 

22 

53 

54 

68 i 

59 

68 

58 

58 

: 57 

57 

58 

29 

56 

55 

61 

61 

61 

60 

59 

58 

57 

58 

Apr. 5 

57 

56 

62 

63 

62 

61 

60 

59 

58 

58 

12 

53 

54 i 

59 

58 

59 

59 

59 

59 

1 58 

58 

19 

57 

67 

62 

61 i 

59 

60 

59 

59 

58 

58 

26 : 

58 

58 

63 

64 

62 

62 

61 

60 

59 

59 

May 3 

61 

59 

69 

67 

65 

65 

62 

61 

60 

59 

10 

61 

60 

68 

68 

67 

65 

63 

61 

60 

60 

17 

60 

‘ 60 

I, 72. 

72 

72 

66 

65 

63 

61 

60 

24 

64 

62 

1 74 

71 

69 

68 

66 

64 

62 

61 

31 

62 

62 

68 

68 

68 

66 

65 

64 

63 

61 

June 6 

60 

61 

68 

67 

67 

67 

65 

64 

63 

62 

13 

60 

62 

67 

68 

68 

65 

65 

65 

63 

62 

20 

64 

63 

68 

69 

68 

67 

65 

64 

63 

62 

27 

60 

64 

73 

72 

70 

69 

67 

65 

64 

63 

July 6 

63 

63 

73 

71 ■■ 

70 

69 

68 

67 

65 

63 

12 

66 

65 

75 ;: : 

.y.'i 


71 

69 

67 

65 

64 


* Temperatures of the air and of the soli at depths of 3, 6, and 12 inches were recorded by 
thermographs, and weekly mean temperatures were calculated from the thermograph charts 
by means of a planimeter. Temperatures of soil at depths of 2, 3, 4, 6, and 8 feet were de- 
termined by weekly readings on standard thermometers. 
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thermograph charts and com,l>med on graphs with rectangular coordinates. 
Four periods of 48 hours each are presented to illustrate (a) the warm, clear 
weather observed each summer for 2 to 6 weeks (fig. 2, A); (5) the hottest and 
(c) the coldest weather, respectively (fig. 2, B and C) ; and (d) the cool, cloudy 
weather observed each winter for 3 to 7 weeks (fig. 2, 1)). 

On August 10, 1940 (fig. 2, A), the air reached its minimimi temperature 
(57° F.) at 4 a.m. and its maximum (91°) at 1 p.m. Complete reversals in the 
relative value of the soil temperatures occurred about midnight and between 9 
and 11 a.m. Minimum soil temperatures occurred from 5 a.m. (at the 124nch 
depth) to 7 a.m. (at the 3~inch depth), whereas the maxima were reached between 
2 and 3 p.m. Diurnal fluctuation of temperature was greatest in soil at 3 inches 
and least at 12 inches. Comparison of the extremes of temperature of the air 
and of the soil at 3 inches, reveals that the soil was 13 degrees w’armer than the 
air at the minima, and 2 degrees "warmer at the maxima. 

TABLE 4 


Yearly range of air and soil temperatures in aValencia-orange orchard at Anaheim, Calif ornia, 

1939 to 19iB, inclusive 






TEMPERATURE OP SOU. AT DIPraRENT DEPTHS 




TEMPER- 
ATURE OP 
AIR* 










YEAK 

Shaded 

Unshaded 



3 inches 

3 inches 

6 inches 

1 foot 

2 feet 

3 feet 

4 feet 

6 feet 

8 feet 




"F. 


"F. 

*F. 

"F. 

"F. 

•F. 

®F. 

1939t 

27-111 



43-95 

54-86 

51-78 

52-75 

53-72 

51-70 

56-68 

1940 

32-100 

— 74 

— 97 

46-89 

52-79 

53-75 

55-73 

56-71 

57-70 

59-68 

1941 

27- 93 

42-74 

41-98 

42-89 

47-79 

51-75 

53-73 

55-71 

57-70 

58-68 

1942 

27- 97 


40-96 

41-90 

46-79 

53-75 

52-72 

54-71 ^ 

55-69 

57-68 


* Thermograph 5 feet above the ground, 
t First records obtained February 14, 1939. 


On September 20, 1939 (fig. 2, 5), air temperatures ranged from 67° F. at 
1 a.m. to 111° at 1 p.m., while soil temperatures ranged from 77° to 93° at the 
6-inch depth and from 78° to 83° at the 12-mch depth. In contrast to this is 
the period January 1-2, 1942 (fig. 2, C). The air temperature, after reaching 
49° at 11 a.m. of the first day, fell to 27° at 6 am. of the second day and then 
rose to 59° at 1 p.m. Soil temperatures on the first day ranged from a maximum 
of 61° at the 124nch depth to a minimum of 46° at the 64nch depth; on the 
second day, the range was from a minimum of 42° at the 64nch depth to a 
maximum of 49° at both depths. The temperatures at the G4nch depth remained 
lower than those at 12 inches on both days, except during 4 hours wh<‘n they 
were the same. Unfortunately, no record of soil temperatures at 3 inches was 
obtained in these periods of extreme temperatures. 

Relatively small diurnal fluctuations in temperature accompanied rainy 
weather on January 5, 1941 (fig. 2, D). The range of air temperatures was 40° 
to 53°F., while that of soil temperatures at 3 inches was 48° to 63°, and at 12 
inches, only 51° to 52°. 
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AUG. 9 “10, 1940 


SEPT 19 “20, 1939 


JAN. 1“2, 1942 


JAN. 4 “5, 1941 


2. Didbnal Tempeeature Fluctuations op Air and op Soil at 3-, 6-, and 12-inch 
Depths, in Valencia-Orange Orchard at Anaheim, California, during Four 
48-hour Periods Kepresenting Different Meteorological Conditions 
Af, midnight; V, noon; A, warm, clear, summer weather; j5, the hottest weather en- 
countered; C, the coldest weather encountered; D, cool, cloudy winter weather. 
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DISCUSSION 

The temperature data presented in this paper contribute to an understanding 
of the climate at Anaheim, which is in the most important citrus-growing region 
of California. Judged from the relatively high quality of fruit produced in this 
locality, the temperature environment is also one of the most favorable for the 
culture of Valencia oranges in the state. The climate is characterized by rela- 
tively mild air temperatures throughout the year. Overturns in the temperature 
of the soil at different depths occur regularly in spring and fall each year. 

There is marked evidence of lag in the time at which the soil at different 
depths reached the yearly minimum temperatures. When compared with the 
air-temperature curve, the temperature curve for soil at the 1-foot depth showed 
a brief lag, and that for the soil at the 8-foot depth lagged for several weeks. 
The yearly maximum temperatures of air and soil were more or less concurrent. 

Marked similarity exists between the weekly mean temperatures of the air 
and of shaded soil at the 3-inch depth, and also between the w’eekly mean tem- 
peratures of unshaded soil at 3- and 6-inch depths. 

In an earlier study of air and soil temperatures at Indio, California (1), the 
weekly mean temperatures of the air from April to September, inclusive, were 
typically 5 to 10 degrees higher than those of soil at the 1-foot depth. At Ana- 
heim, however, the weekly mean temperatures of air from April to August, inclu- 
sive, fluctuated in the same range as those of soil at 3- to 8-foot depths, and only 
on rare occasions were they as high as those of soil at the 1-foot depth. This 
remarkable difference in the relation of air and soil temperatures during the 
spring and summer months in the two localities is shown by the data for 1936 
from Indio (fig. 3) and for 1940 from Anaheim (fig. 4) . 

In the figures mean weekly temperatures of the air and of the soil at 1- and 
6-foot depths are compared. The uiterrelation of soil temperatures was similar 
at both stations, but the air temperatures were relatively high at Indio (fig. 3) 
and low at Anaheim (fig. 4). 

This difference between air temperatures at Indio and Anaheim is attributed 
to the thermal preconditioning of the air at the two stations. Whereas the 
temperature condition of the soil, measured at a certain point below the surface, 
is extremely localized, that of the air is not so localized but results from constant 
movement of air over the earth’s surface. Heat exchange undoubtedly occurs 
where a temperature gradient exists. Air moving over land or water tends to 
gain or to lose heat according to the temperature of the substratum; thus cool 
winds passing over hot desert soil become warmed, and warm winds passing 
over the Pacific Ocean become cooled. A soil-surface temperature of 172"^ F. 
and an air temperature of 122® were reported at Indio, California, on July 12, 
1934.'^ McEwen (6) found the mean ocean temperature at La Jolla, California, 
to be 67.6® for the 10-week interval August 1 to October 15, in the years 1916 
to 1922. 

* Data supplied by Dewey C. Moore, formerly at the United Stat« Date Garden, Indio, 
California, 
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According to Leighly (5), ''the primary effect of a water body on the march 
of temperature in the air above it depends upon the storage of an appreciable 
fraction of the heat produced by absorption of the solar radiation that falls on 
it during the summer, and the liberation of that heat to maintain the temperature 
of the overlying air in winter/^ 

Sprague (8) states that "the Pacific Ocean, in connection with prevailing 
westerly winds, gives the immediate coastal area [of California] a true marine 
climate. The Coast Range, acting as a barrier, nearly nullifies this water influ- 
ence on its eastern sides, except in areas opposite breaks in the barrier; hence 

most of the interior has either a continental or a mountain climate The 

coastal area is marked by moderate temperatures, with small daily and annual 
ranges, and freezing weather is infrequent ” 

It seems, therefore, that the prevailing southwesterly winds at Anaheim are 
relatively cool in summer because of their preconditioning over the Pacific 
Ocean only 10 miles away. The prevailing northwesterly winds at Indio are 
relatively warm in summer because of their preconditioning over many miles of 
hot inland vaUey and desert land. The unusually warm weather at Anaheim 
in September, 1939, was probably due to the influx of heated air from the desert. 

The relation of air and soil temperatures at Davis, California, as reported 
by Smith (7), is similar to that at Anaheim. Although Davis is situated more 
than 50 miles from the ocean, the climate there is perhaps affected by marine 
air blowing inland along the Sacramento Valley. 

SUMMARY 

Temperatures of air and soil in a Valencia-orange orchard near Anaheim, 
California, were recorded from February, 1939, to July, 1943. The data are 
summarized as weekly mean temperatures and as yearly ranges. 

Wide variations in the range of daily temperature fluctuations in the air and 
in the soil near the surface were associated with different meteorological 
conditions. 

The relations of air and soil temperatures in summer at Anaheim and at Indio, 
California, are discussed. The relatively cool air of the coastal climate at 
Anaheim is attributed to the thermal preconditioning of the prevailing south- 
westerly winds over the Pacific Ocean. The relatively warm air of the inland 
climate at Indio is attributed to the preconditioning of northwesterly winds 
over many miles of hot interior valley and desert land. 

EEFEEENCES 

(1) Bliss, D. E., Moore, D. G., AND Bream, O. E. 1942 Air and soil temperatures in a 

California date garden. Soil ScL BZ: 

(2) Eckmakn, E. C.,et al. 1921 Soil survey of the Anaheim area, California. .■U.B.Bur. 

Soils Field Oper. 1916, Rpt, 18: 1-79. 

(3) Fawcett, H. S. 1929 Temperature experiments in germinating orange seeds. Cali/. 

Ciirogr. 14:515. 

(4) Gieton, li. E. 1927 The growth of citrus seedlings as influenced by environmental 

factors. Univ. Calif . Pubs, f Agr. Set, B: 



274 


DONALD B. BLISS 


(5) Leighly, J. 1941 Effects of the Great Lakes on the annual march of air temperature 

in their vicinity. Mich, Acad. Set., Arts, and Letters, Papers 27 : 377-414. 

(6) McEwen, G. F. 1922 Forecasting seasonal rainfall from ocean temperatures. Amer. 

Met. Soc. Bui. 3. 

(7) Smith, A. 1929 Diurnal, average, and seasonal soil temperature changes at Davis, 

California. jS'oiZ >Sfcz. 28 : 457-468. 

(8) SPEAGtJE, M. 1941 Supplementary climatic notes for California. In Climate and 

Man. XJ. S. Dept. Agr. Yearbook Agr. 1941: 795-797. 

(9) Webbbb, H. J. 1943 Plant characteristics and climatology. In The Citrus Industry, 

Vol. 1. (See specifically p. 41-69.) University of California Press, Berkeley 
and Los Angeles. 


PRINCIPLES OF SOIL SAMPLING 
MARLIN G. GLINEi 

Cornell University 

Beceived for publication June 19, 1944 

Although sampling error is commonly much greater than analytical error for 
soils, research upon which sound sampling procedure could be based is very 
limited. As a result, instructions for sampling abound in statements that 
proper procedure depends upon the objective. True as such observations are, 
they contribute little to an investigator faced with a sampling problem. This 
article is presented in the hope that the general principles of sampling outlined 
may serve as guides in sampling for many objectives and that research upon 
which more precise sampling standards can be based will be stimulated. 

A value obtained by chemical analysis of soil defines specifically a character- 
istic of a small subsample. The value approximates an accurate definition of a 
characteristic of the soil only to the extent that {a) the gross sample accurately 
represents the soil from which it was taken, (&) no changes affecting the results 
occur in the sample prior to analysis, (c) the subsample analyzed represents the 
gross sample accurately, and (d) the analysis determines the true value of the 
characteristic under test (18). Probable errors three to six times greater for 
sampling and sample treatment than for subsampling and analysis have been 
reported for much more precise sampling methods than are commonly employed 
(27, 33, 34). The limit of accuracy generally is determined by the sample, not 
by the analysis. 

A CONCEPT OP SOIL FOR SAMPLING 

Soil volumes, not areas, are sampled. Each volume from which a sample is 
drawn may be considered a 'population composed of many individuahj or' primary 
particles, that vary among themselves both vertically and horizontally (29), 
It is convenient to treat a group of closely associated primaiy particles, such 
as a core or slice of given dimensions, as a sampling unit (37). Sampling units 
also vary among themselves both vertically and horizontally and for pur- 
poses of sampling may be treated as individuals (33). 

A sample consists of all sampling units drawn to represent a single soil pop- 
ulation. If all sampling units of a soil could be evaluated, each characteristic 
of a soil population could be defined in terms of a set of stable numbers, param- 
eters^ such as a mean, a range, and a standard deviation. Parameters of a 
soil population cannot feasibly be measured, but they can be estimated by a 
similar set of numbers, statistics^ for the population of a sample that represents 
the whole (29). Unfortunately, too many mvestigators treat statistics as 

1 Assistant professor of soil technology, department of agronomy. The author is in- 
debted to Eichard Bradfield, Michael Feeeh, and IL 0. Buckman, of the department of 
agronomy, and to H. H. Love, of the department of plant breeding, Cornel! University, for 
constructive suggestions. 
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parameters and fail to test, or even consider, the probable degree of accuracy 
of the estimate. 

The accuracy with which a soil sample represents the population sampled 
depends upon the soil variability, the number of sampling units contributing, 
and the way in which the sample is drawn (22). If at least two sampling units 
are drawn and evaluated separately, the variability of the population and the 
reproducibility of the sample mean can be estimated. The statistical relation- 
ships upon which those estimates depend provide a basis for sound sampling 
procedure. 

The standard deviation (s) of a sample population is a measure of population variability 
and is calculated by the formula 

8 « y/ Szyin -- 1 ) 

in which x is deviation of each sampling unit from the sample mean (^), S indicates 
summation, and n is the number of sampling units. The standard error (sj) or “standard 
deviation of the mean’’ is a measure of reproducibility of the sample. It is related to 
standard deviation by the formula 

which may be written * '\/ Sz^/n(n — 1) 

The interval £ ±: $ includes approximately two thirds of the sampling units of a normally 
distributed sample population; the interval $ ±Sx includes approximately two thirds of the 
means of similarly drawn samples. The ratio of the difference between the means of two 
similarly drawn samples (D) to standard error of this difference (sd) defines values,’’ 

i « D/sd (B) 

from whose frequency distribution for a given size of sample the probability of occurrence 
in sampling can be estimated. The standard error of the difference between two means is 
calculated by the formula Sd « V" sL -f- $ib, in which s^a and s^h are the respective standard 
errors of the two means . When estimating the reproducibility of a sample mean, an investi- 
gator wishes to know the error of the difference between means of samples composed of the 
same number of sampling units and can often assume that the standard errors of the two 
samples are approximately equal. Under these conditions Sd = s which can be reduced 
to Sd ^ sV2/n by substituting from equation (^). Then equation {S) can be written i « 
D/«V2/n, or 

n « 2thyD^ (i) 

These are relationships upon which accurate definition of the sample population and esti- 
mates of fiducial limits and significance depend. They should, therefore, be bases for de- 
termining sound sampling methods. A further useful approximation for a sample is the 
relationship of standard deviation to the range of a normally distributed population, 

8 = (r„-ri)/C {5) 

in which 0 is a constant— approximately 3, 4, 5, and 6 for 10, 25, 100, and 500 sampling units 
respectively— and and n are the extremes of the range (23, 29). 

SAMPLING VOLUME 

A sample that consists of sampling units from two distinctly different popula- 
tions is representative of neither. Subdivision of heterogeneous populations 
into homogeneous strata is one of the most effective methods of increasing the 



PEINCIFLES OF SOIL SAMPLING 


277 : 

accuracy of sampling (7). Several small samples, each from a homogeneous 
part of the whole, yield more precise information than a single large sample (29)* 
When applied to soils, the conventional concept of homogeneity (23, 29) must 
be conditioned by the fixed, three-dimensional variation of soils. It must be 
applied to sampling volumes. For obvious practical reasons, only oriented 
subdivision, vertically and horizontally, is feasible or significant. Sampling 
units that contribute to a given sample should be confined vertically to a horizon, 
or part of a horizon, that does not vary significantly for the objective with depth ; 
they should also be confined horizontally to an area that can be treated as a 
unit for the objective. A horizon of a soil type within a given area is an example 
of a sampling volume that is “homogeneous^^ with respect to certain easily 
observed characteristics. If one samples beyond its limits, either vertically or 
horizontally, the precision of the estimate of those characteristics may decrease 
with an increase of sample size. 

Horizontal subdivision 

Within restrictions of cost and minimum size of area significant for the objec- 
tive, soil volumes to be studied should be subdivided horizontally to provide 
sampling areas that are homogeneous with respect to soil type (19, 20, 32), 
plant growth (3 1 , 32) , and treatment (13, 32) . If the area is large and apparently 
uniform with respect to all of these factors, it may still be heterogeneous with 
respect to the chemical characteristic under test. Large, apparently uniform 
areas should be subdivided arbitrarily within the limits of cost and significance 
of size for the objective (14, 32). For field experiments the minimum subdivision 
feasible may be an experiment, a block, or a plot; for a “soil-testing service*’ 
it may be the minimum area a farmer will treat as a unit. Generally it will be 
some compromise between the minimum desired for accuracy and that required 
for economy. Hossack (14), for example, found | acre a desirable unit but 2 
acres the minimum economically feasible for fertility diagnosis in cane fields. 

Vertical subdivision 

Recognizable horizons of the same soil type represent different populations 
both physically and chemically and are logical units of vertical subdivision 
(19, 20, 30). Data of tables I and 2 show differences of both amount and vari- 
ability of constituents by horizons and indicate how incorrect any inferences 
drawm from composites of two horizons might be. Many conflicting resultKS that 
appear in the literature are due to mixing unlike horizons (8,19). Physical 
homogeneity vertically does not insure chemical homogeneity, however, and 
certain objectives require vertical subdivision of apparently uniform horizons. 
Askew (3) found subdivision of the surface horizon necessary for accurate 
characterization of fertilized pasture soils. Piper (25) recommends sampling 
only a thin layer in the middle of each horizon, and Winters^ reports that arbi- 
trary subdivision of recognized horizons into 3-inch layers is needed for soil- 
genesis studies. 

* From private correspondence with Eric WlnteriB, head, dej)artment of agronomy, 
University of Tennessee. 
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TABLE 1 


Potassium determined by rapid chemical methods on single cores from a IB- by B6-foot plot on 
Yolusia gravelly loam, October 194S* 

K in pounds per 2,000,000 pounds soil 


sow 

A 

B 

MEAN 

Site 

X 

! 2 

3 

4 

s 

Mean 

i 

2 

3 

4 

5 

Mean 


0 to 6 inches : 
Core 1 

50 

j 

100 

100 

100 

100 

90 

85 

125 

160 

130 

85 

115+ 

100+ 

Core 2.. 

1 80 

80 

125 

70 

55 

80+ 

75 

95 

115 

80 

90 

90+ 

85+ 



I 




Mean.. ....... 

65 

90 

110+ 

85 

75+ 

85+ 

80 

no 

135+ 

105 

85+ 

100+ 

95 








Bs horizon: 

Core 1 

50 

60 

65 

65 

55 

55+ 

50 

50 

60 

55 

40 

50+ 

55 

Core 2 1 

55 

40 

65 

1 

65 1 

40 ^ 

50+ 

60 

65 

70 

55 

55 

60+ 

55+ 





Mean 

50-b 

50 

65 

65 

45+ 

55+ 

55 

55+ 

65 

55 

45+ 

+ 

55+ 





* Samples were single auger cores. Bows A and B were straight north-south lines 
6 feet apart in the middle of interspaces between corn rows, parallel to the long axis of the 
plot and parallel to the direction of cultural operations. Sites were 6 feet apart in rows A 
and B. Cores 1 and 2 were taken 6 inches apart at each site. Samples of the highly mottled 
friable Ba horizon were drawn after reversing the auger one-half turn when the underlying 
compact semi-cemented ^‘hardpan’^ was encountered. Special precautions were taken to 
prevent contamination. Two years prior to sampling, 150 pounds of KCl an acre was 
applied for winter wheat harvested in 1942. In May, 1943, 2000 pounds of ground limestone 
and 6 tons of manure an acre were plowed down for corn. Analysis was by rapid chemical 
methods of Peech and English (24). 

TABLE 2 

Calcium determined by rapid chemical methods on single cores from a IB- by S6-foot plot on 
Volusia gravelly loam, October WJiS* 


Ca in pounds per 2,000,000 pounds soil 


ROW 

A 

B 

MEAN 

Site 

1 

i 2 

3 

4 

5 

Mean 

1 

2 

3 

4 

5 

Mean 


0-6 inches : 














Gore 1 

1600 

2000 

2700 

2200 

1700 

2040 

4250 

4500 

5000 

4500 

4500 

4500 

3295 

Core 2 ....... . 

2600 

2250 

2000 

1900 

1000 

1950 

2200 

3500 

2600 

1700 

1200 

2240 

2095 

Mean 

2100 

; 2125 

2350 

2050 

1350 

1995 

3225 

; 4000 

3800 

3100 

2850 

, 3395 

2695 

Bs horizon: 

i 













Core 1 

1 600 

600 

800 

700^ 

600' 

660 

900 

600 

600 

700 

800 

720 

690 

Core 2 

600 

450 

600 

500 

600 

550 

900 

650 

900 

600 

600 

730 

640 

Mean 

600 

526 

700 

600 

600 

605 

900 

625 

750 

650 

700 

725 

665 


* See table 1 for description of area and methods. 
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NUMBER OP SAMPLING UNITS 

Within a homogeneous soil population, the aeciiracy of the estimate is a 
function of the number of sampling units drawn and the variability of the 
population [see equation (^)]. Too often the number to be drawn is decided 
arbitrarily. Studies of numbers required for reliable estimates ( 6 , 9, 11, 16, 33, 
34) indicate large differences among soils and show a need for larger mimbers 
than are commonly specified in directions for sampling (2, 12, 15, 21, 32). 

An estimate of required numbers on the basis of valid statistical principles is 
preferable to arbitrary judgment, even though available data are not precise. 
If variability is known or can be estimated, an estimate of numbers required 
for a specified degree of accuracy can be made by means of equations (4) and (5). 
In table 1, the range of potassium in the 0- to 6“inch layer is 110 pounds for 20 
sampling units. If the range is assumed to be no greater than 120 pounds for 25 
sampling units, equation (5) becomes $ = 120/4 = 30. This value is a reasonably 
good estimate of population variability. Then if the maximum sampling error 
permissible [(D in equation (4)] is chosen as 20 pounds of potassium, and a t 
value of 2.1 for the 5 per cent level and 18 degrees of freedom, the smallest number 
likely to be required, is selected from a ‘'table of equation (4) becomes n — 
(2)(4.4)(900)/400 = 20 sampling units required. For calcium in the O-O-inch 
layer (table 2), the range is 4,000 pounds. By equation (5), s would be about 
1100. Assuming the maximum error permissible to be 200 pounds and selecting 
a t value of 2 for the 5 per cent level and 30 or more degrees of freedom, equation 
(4) becomes n = (2) (4) (1,210, 000) /40, 000 = 242 sampling units, an excellent 
example of heterogeneity due to treatment. Even a rough estimate of the range 
provides an acceptable estimate of the size of sample required. 

SELECTING THE SAMPLE 

Three general principles should be kept in mind when selecting sampling units: 
(a) A sample composed of few sampling units scattered at random throughout 
a homogeneous population contains information up to the limits of its size, but 
even a large sample, confined to a part of the population, contains no information 
about the excluded parts, (b) An unbiased estimate of the mean requires that 
every sampling vmt have an equal chance of being drawn, (c) An unbiased 
estimate of significance and fiducial limits requires that every sample ■■afn 
sampling units have an equal chance of being drawn (29). 

For objectives involving an estimate of fiducial limits, complete randomization 
is necessary to meet restriction (c) . Numbers required for tests of this kind are 
generally great enough that restriction (a) would automatically be met by a 
random sample. If circumstances limit numbers, bias of a small sample should 
not be ignored for the sake of complete randomization (17). It is well to em- 
phasize that walking “at random’’ over an area when selecting sampling units 
is far from complete randomization and is subject to strong personal bias. 

For objectives that require only an unbiased estimate of the mean, incomplete 
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randomization by means of a grid superimposed at random satisfies principle (6). 
Use of a grid gives every sampling unit, but not every possible combination of 
sampling units, an equal chance of being draTO. This method requires special 
precautions to avoid bias from superimposing the grid parallel to some systematic 
variation in the soil. In table 2, for example, the mean for calcium in the plowed 
layer appears to be biased by one core of each pair in row B cutting a zone of 
concentration of ground limestone as a result of superimposing the grid parallel 
to the direction of cultural operations. Aside from restrictions of use of data and 
precautions to avoid bias, sampling according to a grid has many advantages. 
It insures sampling units for a small sample from all parts of the area. If 
sampling units, or several composites of them from geographically associated 
areas, are analyzed separately, it permits cartographic expression of different 
levels of the characteristic determined. Probably it is safer to instruct nontech- 
nically trained men to sample by a grid than to sample ^^at random^^ (17,29). 

It is possible that selection of sampling units with no pretext of randomization 
may give a good estimate of a mean at a minimum of cost. The most experienced 
individuals are generally unable to select without bias, however, even with an 
intimate knowledge of the population (7) . Data from selected samples cannot be 
used for estimates of fiducial limits (29). Selection has its place in soil sampling 
where only small samples are feasible and where chemical characteristics of 
modal profiles of a soil type are to be determined. In the latter case, a modal 
profile may be selected vdth a number of independent profiles to establish 
variation (25). 

SAMPLING WITH TIME 

Chemical properties of soils vary not only vertically, horizontally, and with 
treatment but also with time. Horton and Stinson (13) found 25 sampling units 
adequate 1 year after fertilization where 100 were required during the first 3 
weeks. Bear and McClure (6) stressed the importance of sampling the same sites 
in studies of behavior of plant nutrients with time. Filinger (8) attributed 
conflicting results reported for behavior of nitrogen in orchard soils to lack of 
uniformity of time of sampling. Unpublished data of Beech show wide seasonal 
fluctuation of exchangeable potassium as determined by rapid chemical methods 
(24). If any of those characteristics that are subject to seasonal variation are 
studied over a period of years, it is imperative that samples compared be taken 
at the same season and that possible effects of varying weather conditions or 
crops be considered. 

COMPOSITE SAMPLES 

Compositing consists of mixing sampling units for a single analysis of the 
mixture on the assumption that a result from the composite is a valid estimate 
of a mean of results from the sampling units contributing. It is a common 
expedient to obtain numbers large enough to represent the sampling volume 
accurately without the expense involved in analyzing each sampling unit sepa- 
ately. Compositing is valid only if (a) the sampling volume represents a homo- 
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geneous population, (&) equal amounts of each sampling unit contribute to the 
.subsample analyzed, (c) no interactions that would, affect the results materially 
occur, and (d) an unbiased estimate of the mean is the o.nly objectme. , 

It is obvious that the value obtained by a single anah^sis of a s.iibsample from 
a composite is weighted by the amount of soil contributed by each sampling unit. 
Problems of mixing and subsampling are discussed under preparation of the 
sample. The variability of subsamples can be checked by anal,yzing more 
than one. 

Values obtained from composites have been shown to agree well with means of 
values obtained from single sampling units in analysis for total carbon, nitrogen, 
and phosphorus (27, 34) . If sample treatment prevents loss by volatilization, the 
error of compositing for detemiination of the total of a constituent would be due 
to inefficient compositing and subsampling. For such determinations as pH, 
‘^available” nutrients, and exchangeable cations, however, interactions are 
possible sources of error. Easily soluble phosphorus, for example, of one soil 
might be fixed in a composite by the addition of sampling units from another 
soil having a high phosphorus-fixing capacity. It appears, however, that such 
errors would be insignificant for a homogeneous population compared to those 
of sampling and subsampling. 

If one is interested only in an unbiased estimate of the mean, compositing 
appears to be a logical procedure. The opportunity it offers for increasing the 
accuracy of the estimate by the use of larger numbers of sampling units per 
sample than could be analyzed individually far outweighs probable inaccuracies* 
Compositing also makes it possible to obtain reliable mean values for a large 
number of soils at relatively small expense. 

If any statistic other than the mean is required, a single composite sample is 
completely inadequate. For some objectives knowledge of variability is equally 
as important as knowledge of the mean (33, 34, 38). Note in tables 1 and 2 how 
averaging results from even two sampling units obscures variability. The range 
of means decreases in proportion to the square root of the number of sampling 
units contributing (29) . If separate composites are made for different parts of an 
area, variability among the parts can be estimated, but variability moth in each 
part or for the population as a whole is completely obscured. 

If two or more composite samples are dravm in the same way to represent the 
same sampling volume, their reproducibility can be estimated by equation (1), 
in which x is the deviation of composite values from their mean, n is the number 
of composite samples, and e is the standard deviation of composite values. If a 
composite value can be considered an approximation of the mean of values of 
the sampling units contributing, a standard deviation of composites can be 
considered an approximation of the standard deviation of means, or standard 
error, with respect to the population of sampling units. Standard deviation of 
sampling units can then be approximated by solving for .s* in equation (;^), 
s — by substituting the standard deviation of composite values from 

equation (/) for and the mimber of sampling units contributing to each 
composite for n. This methcxl is subject to eonsideruble error unless the number 
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of composite samples is large, but it can be used to obtain a useful approximation 
of variability among sampling units. 

Compositing either vertically or horizontally for studies of morphology and 
genesis of soils can seldom be justified (25). Such studies involve relationships 
among horizons at a particular place. Likewise, the possibility that compositing 
may obscure soil-plant relationships in studies that involve two or more horizons 
should be considered carefully. 


SAMPLING TOOLS 

A sampling tool should provide a sampling unit that is (a) uncontaminated, 
(6) approximately uniform in cross section to the desired depth, and (c) repro- 
ducible. Tapered cores or slices may bias the estimate of a mean for the unit 
by unequal weighting if systematic variations with depth are significant. Dis- 
simEar cores in successive samplings also bias the estimate of the mean for a 
composite by unequal weighting of different parts of an area. 

The indexes of the Experiment Station Record and Chemical Abstracts furnish 
an extensive bibliography of special sampling tools. Three principal types are 
used: (a) blades — trowels, spades, shovels, spoons, and knives; (b) tubes — open- 
sided and plain-cylinder; constricted-tip and uniform-bore; and (c) augers- 
wood-bit, post-hole, and sheathed (32). 

In sampling with blades, a slice of uniform cross section should be taken from 
the face of a clean fresh vertical cut between the limits of depth chosen. Koad 
cuts and similar excavations are generally contaminated and should not be used. 
With good technique, the method gives uncontaminated, unbiased sampling 
units and permits supplementary observations of the undisturbed soil to be made. 
It can be used under almost all soil conditions except below a water table and is 
especially well suited to studies of soil morphology and genesis (25), The pro- 
cedure is labor- and time-consuming, however, and the restrictions it imposes on 
numbers more than offset its advantages for many objectives (9). 

Sampling tubes are cylinders in which a core enters the barrel as the tube is 
forced into the soil by direct vertical pressure. The core is generally somewhat 
compacted (10). Tubes with constricted tips cut a core slightly smaller than the 
bore, thereby facilitating removal. Open-sided tubes permit observation of the 
core before removal. Sampling tubes take a core of uniform cross section, 
minimize contamination, and permit rapid sampling in soils to which they are 
adapted. They are difficult to use in stony, dry, very heavy, or very sandy soils. 

Ordinary wood augers can be used in moist soils that are too stony or heavy 
for sampling tubes. They will not hold a satisfactory core in dry soils; their 
cores are not uniform and are easily contaminated. Each core should be stripped 
to the size of the bit to provide as nearly uniform cross section as possible and 
remove contaminating material. In sampling subsoils, the upper 2 or more 
inches is mixed with material from overlying horizons and should be discarded. 
Other sampling tools are generally to be preferred. Ordinary post-hole augers, 
with combined cutting and digging edge and partly sheathed body, are preferred 
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by maBy workers (25). They can be used in dry or very sandy soils that cannot 
be sampled with a tube or wood -auger. Their taper causes unequal volumes to 
be taken from different depths, however, and results in contamination of subsoil 
samples with material from overlying horizons. A completely »sheathed, parallel- 
sided auger that operates on the same principle minimizes contamination and 
takes a sampling unit of uniform cross section. It has many of the advantages of 
sampling tubes and can be used throughout a wider range of soil conditions, but 
like other augers, it almost completely destroys soil structure for supplementary 
observations. 


PEBPARATION OP THE SAMFLE 

When a gross sample has been drawn, chemical reactions and contamination 
that would affect results of analysis must be held to a minimum. A subsample 
that accurately represents the whole must be drawm, generally after reduction of 
the gross sample to a size and form convenient for stock. 

Preservation 

Most authorities recommend air-drying to reduce the rate of possible reactions 
in the disturbed soil (4, 25, 28, 36). The sample should not remain moist for 
extended periods, and clods should be crushed to facilitate drying. Drying at 
high temperatures may affect the analysis. Chemical reactions in air-dry soil 
stored for prolonged periods are generally assumed to be negligible, but they are 
possible sources of error for some determinations and deserve special study. 

Contamination of samples by absorption of gases is an important source of 
error that is often overlooked. Stock samples exposed to the air in a laboratory, 
for example, may absorb significant amounts of ammonia in a short time. 
Samples should be dried in an atmosphere containing no gases that are possible 
sources of contamination and should be placed in closed containers as soon as 
they are dry. Containers should be clean and composed of materials that will 
not contaminate the sample. Air-dry stock samples should be kept in closed 
containers and exposed to the air as little as possible. 

Marked increases of ammonia when the soil is air-dried are reported by 
Richardson (26) ; Piper (25) recommends immediate analysis of the moist sample 
for ammonia and nitrates. Piper also reports rapid drying at 55^0. to be 
preferable to air-drying for determinations of ammonia and nitrates and suggests 
the use of toluene to stop microbiological activity if the moist soil cannot be ana- 
lyzed or dried at once. 

Reduction of sampk me 

The sample should be regarded as a population the composition of which 
varies widely among particles—from that of primary minerals such as quartz 
to that of clay minerals or organic matter. The size distribution of primary 
particles varies widely among minerals of different chemical composition; for 
example, quartz is concentrated in the large and clay mmerala in the small 
particle-size fractions. Aggregation .of small particle reduces . the . systematic 
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variation of chemical composition with particle size in a sample but contributes 
greatly to heterogeneity within a given fraction. The whole heterogeneous 
mixture must be reduced in size and subsampled in such a way that a single 
analysis gives an unbiased estimate of the mean of the entire gross sample. 
This objective requires that every particle have an equal chance of being dravm 
(29), If the requirement of chance is met, the accuracy with which a subsample 
can be drawn depends upon its size and the heterogeneity of the population 
[see equation (2)]. 

TABLE 3 


Relationship of sampling error to size-weight percentage of coal analyzed for ash* 
Adapted from Bailey (5) 


Weight of subsample. .gm. 

Mesh of sieve used before dividing 

Size-weight percentagef 

1 

200 

0.0002 

1 1 

80 

0.0014 

144 

8 

0.008 

1 35.2 

8 

0.034 

2.26 

8 

0.53 

Sampling error, odds 1:1 (per cent of 
subsampie) 

0.02 

0.07 

0.18 

0.33 

0.60 

Sampling error, odds 19: If (per cent of 
subsample) 

0.06 ! 

0.21 

0.54 

0.99 

1.80 







* 11,50 per cent ash including about 5 per cent slate fragments. 
1 100 (average weight of largest pieces) /(weight of subsample). 
t Calculated at three times probable error. 


TABLE 4 


Limits of subdivision of coal samples of different degrees of fineness for a sampling error less 
than per cent in 11,50 per cent ash at odds of 19:1 
Adapted from Bailey (5) 


SIEVE 

SIEVE OPENING 

MINIMI7M SUBDIVISION 

meskes/inck 

mm. 

gm. 

2 

10.80 

8300 

4 

6.35 

1100 

8 

2.54 

120 

10 

1.93 

55 

20 

0.91 i 

3 


Bailey (5) has shown that the subsampling error for material of a given 
degree of heterogeneity is a parabolic function of the ratio between average 
weight of the largest particles and weight of the subsample. The magnitude of 
that error for a sample of coal is indicated in table 3. The relationship of 
particle size to limits of subdivision for a given sampling error is shown in table 4. 
Although these data cannot be applied directly to soils, they demonsti^ate the need 
for standards of soil sampling similar to those published for coal (1). 

An efficient method of subdividing a large gross sample to a size suitable for 
stock is well illustrated in A.S.T.M. standards (1). Successive crushing, screen- 
ing, mixing, and subdividing of the half retained at each subdivision obviates 
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the need for crushing the entire sample to the final particle size. Crushing 
instruments, such as. a hardwood rolling pin or a rubber'-capped pestle and iron, 
porcelain, or agate mortar may be used to crush aggregates without appreciable 
breaking of primary particles (25, 28, 35). Piper (25) lists an end-runner grinding 
mill fitted with hardw’ood pestle and rubber lining among efficient instruments. 
Large primary particles and organic residues retained by the sieve may be weighed 
separately or discarded according to requirements of the objective. The sieved 
material should be thoroughly mixed by rolling or successive coning (1) and 
subdivided by quartering (1) or with a riffle sampler (35). Bailey (5) found 
use of a riffle sampler to be more efficient than quartering. All mortars, grinders, 
sieves, and containers should be clean and constructed of materials that will not 
contaminate the sample (25). 

The stock sample 

Tentative standards of the Association of Official Agricultural Chemists (4) call 
for analysis of material passing a l-mm. sieve. Investigators of the U. S. Depart- 
ment of Agriculture and many others in this and other countries analyze material 
passing a 2-mm. sieve (25,28,36). Several soil chemists use the fraction less 
than 1 mm. 

Results obtained by analysis of material passing different sieves are not 
necessarily comparable. Resistant soil minerals are segregated in the larger 
particle-size fractions. Coarse primary particles retained by fine sieves are 
discarded, biasing the stock sample in favor of fine particles and reducing the 
base upon which results are calculated. Data of mechanical anabmis show that 
the fraction between 1 and 2 mm. in diameter is negligibly small for most soils 
but may be significant for soils like Iredell loam and Sassafras sandy loam, in 
samples of which it amounted to 10.7 and 18.2 per cent respecth’ely. The 
fraction betwwn | and 2 mm. amounted to 10 per cent of a sample of Hagerstown 
silt loam, 18 per cent of Gloucester fine sandy loam, and 65 per cent of Sassafras 
sandy loam (20). Obviously, a standard of maximum particle size for chemical 
analysis is needed. 

The maximum particle size should permit drawing the size of subsample 
required by the analytical procedure with the degree of accuracy required by the 
objective. There is little doubt that 1- or 2-gm. samples required by modern 
micromethods cannot be drawm by common procedures from material passing a 
2-mm. sieve without significant error for some determinations. ^Material passing 
a 1-mm. sieve probably can be subsampled accurateh’*, but |-mm. maximum size 
gives a needed margin of safety. Research is needed to establish definitely the 
maximum particle size of material from which a given size of sulisample can 
be drawn accurately. 

Material passing a 2-mm. sieve has a distinct advantage over smaller sizes in 
representing more accurately the totalvolume of soil It includes a fraction very 
important physically, if not chemically, that is discarded from finer sieves. It 
corresponds to an internationally accepted standard for mechanical analyses, and 
its abandonment would mean that some part of the acjcumulated analytical 
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results throughout the world would not be directly comparable to results of 
future analyses. The discrepancy would be significant in few cases for l-mm. 
material but would involve a high proportion of soils for |-mm. material. 

The conflict between accurate representation of the sampling volume and 
accuracy with which a small subsample can be drawn can be overcome in most 
cases. For those determinations not affected by grinding of primary particles, 
2-mm. material can be ground to any size needed for accurate subsampling. 
For many determinations affected by grinding, it can be assumed that the fraction 
less than 2 mm. and greater than the maximum size permitted for accurate 
subsampling does not contribute a significant amount of the constituent to be 
determined (as is assumed when the fraction is discarded)- That fraction can 
be weighed, and results of analysis can be expressed on a standard base of all 
material less than 2 mm. In some cases, a large subsample can be drawn and 
leached or extracted, and an aliquot of the solution can be taken for analysis 
by micromethods. 


SUMMARY 

The error due to sampling of soils is generally greater than that due to analysis. 
Statistics provide a basis for sound sampling procedure. The soil may be 
considered a population of sampling units that vary among themselves both 
vertically and horizontally. The first step in a sound sampling method is to 
subdivide the population into homogeneous strata. Within a homogeneous 
stratum the number of sampling units needed is a function of variance and 
required degree of accuracy and can be estimated from knowledge of the range or 
of variance by means of the relationship of t values to standard error and the 
maximum sampling error permissible. Complete randomization is necessary for 
estimates of significance or fiducial limits, but incomplete randomization gives an 
unbiased estimate of the mean. A selected sample may be most efficient for 
certain objectives. Time is an important factor in sampling for some objectives. 
Compositing of sampling units is an efficient expedient to obtain adequate numbers 
at low cost, but single composite samples can be used only if an unbiased estimate 
of the mean is the only objective. Sampling tools are discussed with respect to 
their ability to provide unbiased and uncontaminated samples. Methods of 
reduction of the gross sample to a stock sample and subsampling for analysis 
should be based on the relationship of sampling error to particle size and size 
of subsample. A standard maximum particle size for chemical analysis is needed. 
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THE RAPID DETERMINATION OF TOT4L NITROGEN IN. 

E. M. EMMERT *'''^<5. 

Kentucky Agriculhiral Experiment Station 

Eeceived for publication May 29, 1044 

In the use of a method previously reported,- for determining total nitrogen in 
soil hj oxidation to nitrate, it was found that amide nitrogen and ammonia 
nitrogen were not oxidized and total nitrogen was not determined in soil that con* 
tained these forms. In the modified process proposed in this paper amide nitro- 
gen is hydrolyzed to ammonia and the ammonia nitrogen is combined as gl3’'cme 
by means of monochloracetic acid, the amino acid group being readily oxidizable 
to nitric acid so as to be included in the phenoldisulfonic estimation of nitrate 
nitrogen. 

PROCEDURE 

Place lOOmgm, of finely ground vsoil in the bottom of a test tu])e (20 by 150 mm.) 
and add 1 cc. of 40 per cent sodium chlorate solution without wetting the sides 
of the tube. Slant the tube and allow 1 cc, of fuming sulfuric acid (15 per cent 
SOiO to run down the side slowly with shaking. The reaction, is vigorous, but if 
the tube is held slanting and the acid is added carefully, no solution is lost. 
When reaction has ceased, add a measured quantit.v of writer (8 cc. for soil of 
medium nitrogen content, 3 cc. if the soil is low’ in nitrogen, or 18 cc. if it is 
exceptionally high), shake well, and allow’ to settle. 

Place 1 gm. of monochloracetic acid in a dty tube, add 0.5 cc. of the siiperna- 
tant liquid from which the heavy silica residue has settled, and shake well. Add 
1.5 cc. of 40 per cent NaOH solution and shake well. As soon as the monoehlor" 
acetic acid is dissolved, add 0.3 cc. of 40 per cent sodium chlorate solution and 
shake. Then add 2.5 cc. of fuming sulfuric acid slow’ly, at a rate to cause 
moderate boiling. A yellow color should form and persist. Shake and blow out 
fumes with a bent glass tube until most of the chlorine is gone and only a faint 
yellow color, or none at all, is left. Cool somew'hat and add 2.5 cc. of phenoldi- 
sulfonic acid. Mix w^ell and W’ash into a 50-cc. volumetric flask with 15 to 20 cc. 
of w^ater. Add carefully a small excess of 40 per cent NaOH solution as indi- 
cated by the maximum yellow^ color. Cool, make to 50 cc., mix, and pass through 
a dr}^ filter paper. Compare in a colorimeter with a standard and a blank car- 
ried through the same procedure as the unknowm. From these readings calcu- 
late the nitrogen in the sample. For soil high in nitrogen, a standard containing 
0.0025 mgm. N per cubic centimeter should be used; for low’-nitrogen soils, 
the standard should be half this amount. 

^ The investigation reported in this paper Is in connection with a project of the Kentucky 
Agricultural Experiment Station and is published by permission of t he iiir{‘ctor. 

^ Emmert, E. M. A rapid method for determination of total nitrogen in soil. ^ Soil Set 
38:139-142,1934. 
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With some soils, especially those high in organic matter, the reaction may 
be vigorous. Although the oxidation with heat generated by fuming sulfuric acid 
can be performed on these soils, some may prefer to use boiling water, which , gives 
a less violent reaction and requires less individual attention. To 100 mgm. 
(more, if the soil is low in nitrogen and organic matter) of finely ground soil in a 
test tube, add 1 cc. of 40 per cent sodium chlorate solution and 3 cc. of 60 per 
cent by volume sulfuric acid. Place in boiling water for about 5 minutes, shaking 
occasionally. Dilute the solution to an appropriate volume with water as 
directed in the procedure in which fuming sulfuric acid was used. Treat 0.5 
cc. of the supernatant liquid mth monochloracetic acid as directed above. A 
distinctly yellowish coloration when phenoldisulfonic is added (light brown, dis- 

TABLE 1 


Total nitrogen determination in soils by the proposed method in comparison with the Kjeldahl 
Parts in 2 million pounds of air-dry soil 


SOIL 

KJELDAHL 

PHENOLDISHLEONIC 

1 

2,044 

2,082 

2 

3,438 

3,472 

3 

2,322 

2,326 

4 

1,155 

1,176 

5 

3,564 

3,556 


TABLE 2 

Nitrogen recovered from pure ammonium chloride by the proposed method 



ADDED 

POUND 


mgm. 

mgm. 

Solution alone 

0.500 

0.60400 

Solution alone 

0.250 

0.25200 

Solution alone 

0.125 

0.12600 

Solution added to soil 

0.001 

0.001030 

Solution added to soil 

0.001 

0.000996 


appearing on dilution, does no harm) should not occur, since off-color tints will 
form. (Chlorate on the sides of the tube and weak fuming acid will cause this.) 

The results agreed closely with those obtained by the Kjeldahl method, as 
shown in table 1. The figures are averages of several determinations. For 
instance, soil 5 gave 3582 and 3530, the average being 3556, or almost that of the 
Kjeldahl value. 

In order to show that ammonia is recovered, tests for it were made in pure 
ammonia solutions and for ammonia added to soils. Table 2 indicates good 
recovery, showing that monochloracetic acid takes up the ammonia freed by 
NaOH and forms glycine, the amino group being easily oxidized to nitric acid. 

The method is satisfactory on the soils studied, but it has not yet been tried 
in a very wide range of soils. 



NOTE ON THE ROOT-NODULE BACTERIA OF 
ASTRAGALUS SINICUS L. 

H. K. CHEN AND M. K. SHU 

N attonal Agricultural Research Bureau^ China 
Received for publication May 29, 1944 

On the basis of a fairly extensive cross-inoculation study of the wild leguminous 
plants in Wisconsin, Bushnell and Sarles (2), reported that none of the four 
species of Astragalus studied [A, alpmus L., A. canadensis L., Jl. caryoearpus 
Ker*, and A. neglectus (T. & G.) Shelden] was assigned to any tested cross- 
inoculation group, and pointed out that “these results, although they do not 
warrant the establishment of a new’' cross-inoculation group for Astragalus spp., 
do lend ^weight to the probability that Astragalus spp. make up their owm select 
cross-inoculation group.” This is the only published record relating the cross- 
inoculation characteristics of the genus Astragalus, notwithstanding the fact 
that A. sinicus is one of the major green manuring and forage crops in China 
and Japan. It is not mentioned in Itano’s book on soil microbiology (3) or in 
Junk-Oppenheimer-Weisbach’s Tabulae Biologicae (5). 

The present note is a summary’- of inoculation tests carried out during the 
last 3 years on the strains of root-nodule bacteria isolated from A, sinicus and 
other plants and their nodule-forming properties. 

Morphologically and culturally, our strains of A. sinicus bacteria conform 
w^ell with those described by Aso and Ohkawara (1) and by Itano and Matsuura 
(4) and with Bushnell and Sarles^ bacteria of other Astragalus species (2). They 
are all gram-negative, uniformly stained when young, are in the form of coccoid 
rods smaller than pea bacteria, and are motile. On yeast-mannitol agar slants, 
they grow more slowly than pea bacteria and more rapidly than most cowpea 
and soybean bacteria. A moderately abundant growth is often obtained after 
1 week’s incubation at 25^-30° C. On yeast-mannitol congo-red agar plates, 
the colonies are round, raised, -whitish, moist, gummy, and unstained by congo- 
red. On calcium-glycerol-phosphate agar, they grow moderately abundantly 
and are moist and opaque. On Clark and Lub’s medium, they are turbid with 
gummy deposit. They turn litmus milk alkaline and give a clear serum zone. 
On potato' .strip medium, they grow moderately abundantly and are milky .white, 
watery, and glistening. 

In the inoculation tests, plants of A. smicus w'ere grown in sterilized sand 
containing modified Crone’s solution md wem inoculated with various strains of 
root-noduie bacteria. The sterileness of the culture medium was checked in 
each case with uninoculated controls. A total of 30 strains of 1;)acteria of knowm 
cross-inoculation groups representing the seven major groups, and also six strains 
of bacteria isolated from root nodules of A. smicus, w^ere used in the tests. The 
results are summarized in table 1. Repeated experiments showfid consistently 
that A, sinims formed nodules only with bacteria isolated from the same plant 

m 
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species and with a strain of cowpea bacteria isolated from nodules of Desmodium 
heterophyllum. 


TABLE 1 


Summary of root-nodule forynation of different strains of bacteria on A. sinicus 


STRAIN 

SOURCE OF ISOLATION* 

CROSS-INOCULATION 

GROUP 

NODULE 

FORMATION 

107 

Vida hirsuta 

Pea 


108 

V. saliva 

Pea 

— 

110 

Vida sp. 

Pea 

- 

114 

Sweden commercial 

Pea 

— 

201 

Trifolium pratense 

Clover 

- 

205 

Trifolium sp. 

Clover 


301 

Melilotus indica 

; Alfalfa 

— 

306 

M, indica 

Alfalfa 

— 

302 

Medicagohispida 

Alfalfa 


303 

1 M. saliva 

Alfalfa 


304 

M. saliva, Wisconsin 107 

Alfalfa 

— 

305 

M. saiiva, New Jersey A2 

Alfalfa 

— 

401 

Sofa max 

Soybean 


SI 

S. max 

Soybean 

— 

S2 

S. max 

Soybean 

— 

501 

Cajanus cajan 

Cowpea 


507 

Lespedeza striata 

Cowpea 

— 

508 

Pueraria hirsuta 

Cowpea 


510 

Indigofera suffruticosa 

Cowpea 

- 

511 B 

Pkaseohis aureus 

Cowpea 

— 

516 

P. aconiiifolius 

Cowpea 


512 

Vigna sinensis 

Cowpea 

— 

515 

Crotalaria striata 

Cowpea 


517 

Alysicarpus vaginalis 

Cowpea 

- 

520 

A . vaginalis 

Cowpea 


519 

Atylosia scarabeoides 

Cowpea 


521 

*' ? 

Cowpea 

— 

522 

Desmodium heterophyllum 

Cowpea 


523 

Derris elliptica 

Cowpea 


701 

Phaseolus vulgaris 

Bean 


601 

Astragalus sinicus 


+ 

602 

A. sinicus 


+ 

603 

A. sinicus 


+ 

604 

A . sinicus 


+ 

605 

A. sinicus 


+ 

606 

A. sinicus 




* The writers acknowledge the assistance of C. J. Wang, who kindly identified the host 
plants. 


SUMMAEY AND CONCLUSIONS 

The present investigation forms the counterpart of Bushnell and Sarles^ work, 
in which bacteria isolated from A^^rogate spp. were tested on plants of known 
cross-inoculation groups. The results agree, in that root-nodule bacteria of 
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Astragalus do not produce nodules on other genera of leguminous plants^ nor 
do bacteria isolated from other sources, except Desmodimn heieropliylhm^ form 
nodules on Astragalus plants. Since it is well known that bacteria of the cowpea 
group often infect plants of different groups, the nodulation (jf A. sinkus }>y 
D. heterophyllmi bacteria should not be regarded as invalidating the eonciiision 
that Astragalus and its root-nodule bacteria must be considered as a select cross- 
inoculation group. 
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THE IMPORTANCE OF OXYGEN IN THE NUTRIENT SUBSTRATE 
FOR PLANTS— ORGANIC ACIDi 
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N ew J ersey Agricultural Experiment Station 
Received for publication June 19, 1944 

The importance of the organic acids as possible intermediates, precursors, or 
end products in the metabolism of plants has long been a topic of much theoreti- 
cal discussion but based perhaps on inadequate quantitati%^e experimental 
evidence. In recent years, however, with the new developments in the estima- 
tion of these acids as a group, and methods of quantitatively determining some of 
the important individual constituent acids, a clearer insight has been gained 
into the functions, mechanisms, and causes of production of these acids. The 
literature on this subject has recently been the basis of some very excellent 
reviews (1, 2, 18), and a discussion of the role of the organic acids in protein 
metabolism has been provided by Chibnall (4) and by Vickery et a?. (17, 19). 

Since the present paper is part of a general investigation on the effect of 
dissolved oxygen in the nutrient substrate on the nutrition and metabolism of 
plants, emphasis is placed on the question of the relation between oxygen and 
organic acids in the presentation of the results of the investigation, rather than on 
the transformations and the immediate role of organic acids in the economy of the 
plant. 


EXPERIMENTAL METHODS 

Oat (var. Keystone) plants were grown by the methods employed in this 
laboratory for the production of experimental plants. Full details of the 
cultural methods are given by Gilbert and Sliive (9). Briefly, the procedure 
was as follows: 

Four levels of dissolved oxygen were maintained in the nutrient solutions by 
bubbling through them, at a sufficiently rapid rate, appropriate mixtures of 
oxygen and nitrogen to give oxygen levels in the substrate of 0, 4, 8, and 16 p.p.m. 
These concentrations were maintained well within 25 per cent variations of the 
indicated concentration. 

All the experimental plants were grown for 20 days in a culture solution at an 
oxygen level maintained at the saturation point in eciiiilibrium with the atmo- 
sphere (approximately 8 p.p.m.). At the end of this period the plants were 
placed on experimental treatment for 10 days. 

Formula I of Shive and Robbins (13) was used as a basis for the nutrient 
medium, but (NH 4 ) 2 SC )4 was omitted and nitrogen was supplied only as the 
nitrate. 

At the beginning of the experimental period the six plants of one culture in 

i Journal Series paper of the New Jersey Agricultural Experiment Station, Rutgers 
University, department of plant physiology. ^ ^ ^ 

m. ■ 
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duplicate were harvested and dried at 70°C. for 48 hours. The plants of this 
culture are designated as '‘original/’ The plants in half of the remaining 
cultures were continued in the same culture solution and placed on treatment at 
the various oxygen levels above indicated. These are designated the "plus-ni- 
trate” plants, or series 1. The plants of the remaining cultures were placed in a 
solution without nitrate and grovm at the several oxygen levels. These are 
designated the "minus-nitrate” plants, or series II. At the end of the experi- 
mental period of 6 days, one culture of series II at each oxygen level, except 
16 p.p.m., was supplied with nitrate-nitrogen at the original concentrations, for 
24 hours, and then harvested. These are designated the "minus-nitrate to 
plus-nitrate” plants, or series III. All cultures were carried out in duplicate. 

ANALYTICAL METHODS 

Total organic acids were estimated by a modification of the method of Pucher> 
Vickery, and Wakeman (11, 12). Difficulty was encountered in obtaining an 
end point in the electrometric titration. This was ascribed to the phosphoric 
acid extracted from the tissue. The sulfuric acid used in acidifying the tissue 
for the extraction also interfered and was included in the estimation (4). Oxalic 
acid was only 50 per cent titrated and had to be separately determined and then 
included in the total acid estimation. 

To obviate these difficulties, the tissue was brought to pH 1.0 with nitric acid 
instead of the sulfuric acid as recommended by Pucher, Vickery, and 
Wakeman (11), and recourse was had to a method described by Van Slyke and 
Palmer (16) . Although a few additional steps were necessary, the estimation was 
facilitated by resorting to a colorimetric titration. 

After the removal of the ether, according to the method of Pucher et al, (11), 
the chlorphyll and other ether-extracted pigments were dispersed in the aqueous 
solution. These must be removed before a colorimetric titration can be made. 
In order to do this, 5 ml. of NH4NO3 was added to the aqueous organic acid 
extract, which was approximately 25 ml. This precipitated the dispersed 
chlorophyll. The extract was then filtered through two layers of filter paper in a 
conical funnel (Whatman ^50 below, and Whatman ^42 above), and made up 
to volume in a 100-cc. volumetric flask. The resulting solution was usually 
water-clear. Sometimes a faint yellow cast remained, however, which was 
presumed to be due to traces of the carotinoid pigments. This coloration was 
removed during the next step. That no loss in organic acids was occasioned by 
this procedure was shovm by the results of electrometric titration before and 
after the removal of chlorophyll by this method, as indicated in figure 1. 

Approximately 25 ml. of the cleared solution was shaken with 2 gm. of finely 
powdered Ca(OH )2 [see Van Slyke and Palmer (16)] for an hour. This step 
removed the remaining color and also the phosphates, sulfates, oxalates, and 
carbonates. The accuracy of the method was increased by removal of these 
ions previous to titration. The Ca(OH )2 suspension was passed through a dry, 
hard, quantitative filter paper without washing, and 10-ml. aliquots were titrated 
immediately. 
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The titrations were made in accordance with the procedure of Van Slyke and 

Palmer (16), using a 25-mI. volume and 2-ml. of 0.02 per cent tropeolin 00 as 

the indicator. 

Malic, citric, and oxalic acids were determined by the methods of Pucher, 
Vickery, and Wakeman (12). 

The estimation of ketonic acids was made by a modification of the method of 
Elliot, Benoy, and Baker (7). The modifications were similar to those of Don- 
nally (6) . The bisulfite was added at a pH of 8, attained by bringing the solution 
to just above the phenolphthalein end point with NaOH. After standing 15 
minutes, the solution was made acid with glacial acetic acid and the excess 
bisulfate was titrated. The bound bisulfite %vas then liberated with Na2HP04 
and titrated with standard iodine solution. 



Fig. 1. Electeometbic Titbation Curves of the Organic Acid Extract between 
pH 7.8 AND 2.6 with and without Chlorophyll Removed 

EXPERIMENTAL RESULTS 

Total organic acids 

The data presented are purely on a comparative basis, since the proper organic 
acid correction factor was not determined for oat tissue. This should not in- 
terfere with the proper interpretation of results obtained with any given species. 

The data showing the variations in the organic acid content of tops and of 
roots within the various treatments were calculated in terms of milliec|iiivalents 
per gram of dry tissue. The value per gram of dry tissue for each culture was 
multiplied by the dry weight of the culture, wiiich gave the total milliequivalents 
of organic acid per culture. The values for the tops and roots were calculated 
separately and added together to give the total per culture. The absolute 
quantity of organic acids of the original culture was then substracted from that 
of each treated culture to obtain the gain or loss of organic acids for each culture 
during the experimental period. The total gains or losses fur tops plus roots 
were also calculated. The values representing the total organk*. acid content of 
oat tops, in milliequivalents per unit of dry tissue, were plottc.^d against the 
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oxygen levels of the substrate as shown in figure 2. The corresponding data for 
roots were plotted in the same manner as were the data for tops and are shown 
in figure 3. 

It will be observed from figures 2 and 3, that the oxygen tensions in the 
substrate exert a very marked influence on the type of metabolism of the plants. 
Low oxygen concentrations, 0 and 4 p.p.m., throw the plants into an anaerobic or 
at least a semianaerobic type of respiration, resulting in a high content of organic 
acids as a consequence of incomplete oxidation of sugars or other substrate 
material, as compared with the organic acid content of plants grown at the 
higher oxygen levels, within both the plus-nitrogen and the minus-nitrogen series. 
Conversely, the higher oxygen tensions produce an aerobic type of respiration, 
resulting in a much lower production of organic acids. This interpretation is 
based on the assumption that carbohydrates constitute the substrate being 



Fio, 2. Oeganic Acid Content op Tops of Oat Plants Geown Dxjbing an Expeeimental 
Intbeval op 10 Days at Diffeeent Oxygen Levels 
Fig. 3. Organic Acid Content of Boots of Oat Plants Geown During an 
Experimental Interval op 10 Days at Different Oxygen Levels 

utilized, and therefore, the incomplete oxidation of these sugars will result in 
organic acids as end products of anaerobic respiration. All the data obtained 
point to the validity of this assumption, as does also the work by other investi- 
gators (17). 

The expression of the data of organic acid content of the plants on the relative 
basis of milliequivalents per unit of dry tissue does not necessarily take into 
account either the material development of the plants in the different cultures or 
the absolute quantities of organic acids produced by them during the experi- 
mental period under the influence of the oxygen treatments. The absolute gain 
or loss of total organic acids during the experimental period was calculated, 
therefore, as above described, for the plants of each culture of the three series, 
to determine whether the relations between organic acid production and the 
effective oxygen levels of the substrate might show any serious discrepancies 
when judged by another criterion. The gains or losses, absolute totals for tops 
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plus roots, were plotted against the oxygen concentrations of the nutrient sub- 
strate, and are shown in figure 4, Comparison of the graphs in this figure with 
the corresponding graphs of figure 2 indicates that the important relationships 
brought out in connection with the graphs of figure 2 could apply here also. 
Further observation shows that the plants of the minus-nitrate cultures, series II, 
grovm at the higher oxygen levels actually suffered a loss of a considerable portion 
of the organic acids produced and accumulated by the plants prior to the initia- 
tion of the experimental treatment period. This illustrates in a striking manner 
the determinative influence of an adequate oxygen supply in the nutrient 
substrate upon the organic acid metabolism in these plants. 

Loehwing (10), working with sunflowers and soybeans growing in sand and in 
soil, also found an increase in the buffer capacity of nonaerated over aerated 
plants in the region of the buffer curve that would correspond to the organic 


SO 



Fig, 4. Net Gain oe Loss op Totae Oeganic Acms of Oat Plants Geown Dueing an 
Exfeeimental Interval op 10 Days at Dippeeent Oxygen Levels 

acids. ITnaerated sunflowers possessed a greater free acidity of the sap than did 
the aerated plants. This suggests a higher acid content in the nonaerated than 
in the aerated plants. Aerated roots were poorly buffered against acid and 
alkali with a steep gradient in the median portion of the buffer curves. 

All of the data presented by Loehwing can be interpreted only to mean that 
organic acids accumulated to a greater extent in the unaerated than in the aerated 
plants. This is in accord with the data here presented. 

On the other hand, Ulrich (15), working with decapitated roots, found that 
variations in the dissolved oxygen tension had no influence upon the organic 
acid production of the roots. In this connection it is important to point out 
that the shift from an aerobic to an anaerobic type of metabolism in a plant is a 
gradual process the full effectiveness of w^hich becomes apparent only after a 
considerable interval of time and that this response varies from species to species.^ 
® Data presented by B. G. Gilbert in doctorate ttois. EutJsers Univpsrftif.v iQii 
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Influence of the nitrate ion 

Nitrogen supplied in the culture solutions in the form of the nitrate ion 
exerted a pronounced influence on the organic acid production by the indicator 
plants in these studies. The plants of series II, which were grown without 
nitrogen in any form during the experimental period, showed a much lower 
content of total organic acid than did plants of the corresponding plus-nitrogen 
cultures of series 1. This is clearly indicated in figure 2. The plants of the 
minus-nitrogen cultures, with the exception of those at the 0 oxygen level had a 
lower content of total organic acids than did the plants of the original cultures 
at the beginning of the experimental interval. At the higher oxygen levels 
(8 and 16 p.p.m.), as already pointed out, the plants of these cultures actually 
utilized, possibly as respiratory material, a portion of the organic acids ac- 
cumulated prior to the initiation of the experimental treatment period. This is 
indicated by the data of gains and losses of total organic acids, represented 
by the graphs of figure 4, which thus emphasize the effectiveness not only of the 
oxygen concentration of the culture solution but also that of the nitrate ion in 
organic acid metabolism. When at the end of the experimental interval nitrate 
was supplied to the plants of the minus-nitrate cultures, the total organic acid 
content of the plants increased m 24 hours to a point intermediate between the 
values obtained for the plants of the plus-nitrate cultures and those of the 
minus-nitrate cultures of series I and II, respectively. 

The quantitative data for the roots, presented in figure 3, indicate the same 
response to the influence of the nitrate ion as do the data for the tops. Thus, the 
nitrate ion appears to be specifically concerned with organic acid production. 
That the nitrate ion, and not nitrogen as such, is here involved is shown by 
comparison with the work of Clark (5), Wadleigh and Shive (20), and Blackman 
and Templeman (3). These investigators have found that plants grown with 
nitrogen supplied as ammonium always contained much less organic acids than 
did plants grown wdth nitrogen supplied as nitrate. 

It is well known, of course, that the absorption of the ammonium ion by 
plants promotes the synthesis of amides, and since organic acids are the precursors 
of amides, this may account for the relatively low content of organic acids in 
plants grown wdth nitrogen supplied in the form of ammonium salts. This would 
explain also the relatively low content of organic acids in the minus-nitrogen 
plants of series II, if it is assumed that ammonium becomes available in these 
plants through hydrolytic or other plant processes in the absence of an external 
source of nitrogen. 

Individual organic adds 

Malic acid. When the data for malic acid (table 1) are examined it will be 
observed that although the content of this acid, in terms of milliequivalents per 
gram of dry tissue at the end of the experimental interval, is only about one half 
that at the beginning of the interval, there is actually an overall gain per culture, 
except in the plants of the minus-nitrate cultures at 0 and 4 p.p.m. of oxygen in 
the substrate. It will be observed also that in the plus-nitrate cultures the 
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oxygen level of the' substrate exerted no apparent influence upon the accumu- 
lation of this acid in the plants. The plants of the minus-nitrate cultures grown . 
at 0 and 4 p.p.m. oxygen levels suffered a slight loss of the malic 'acid produced 
and accumulated by the plants prior to the initiation of the experimental in- 
terval. The malic acid content of these plants, howeveu, shows progressively 
higher values, in terms of milliequivalents per gram of tissue, with increasing 
oxygen tension of the substrate. This relationship between malic acid content 
and oxygen tension of the substrate is the direct opposite of that shown for aH 
the other organic acids here considered, including the unknowns. The fact 
that these plants suffered a loss of malic acid at low oxygen tensions may be an 
indication that this acid is actually consumed in some anaerobic phase of metab- 
olism, Genevois (8) has shovm that similar responses occur in grapes. That 

TABLE 1 


Individual organic acid concentration of oat tops as influenced by the concentration of dissolved 
oxygen and form of nitrogen in the nutrient substrate 



O 2 CONCENTRA- 

MALIC ACID 

OXALIC ACID 

CARBONYL ACIDS 

AS mmjvic ACID 

UNKNOWN O'RCANIC 
ACIDS 


TION 

Per gram 
dry 
tissue 

Gain or 
loss per 
culture 

Per gram 
dry 
tissue 

Gain or 
loss per 
culture 

Per gram 
dry 
tissue 

Gain or 
loss per 
culture 

Per gram 
dry- 
tissue 

Gain or 
losiL per 
culture 

Original 

p.p.m. 

Equilibrium 

with 

atmosphere 

m.e. 

1.423 

m.e. 

0 

ao 

m.e. 

m.e. 

0.076 

m.e. 

m.e. 

2.408 

m.e. 

Plus-nitrate 

0.0 

0.75S 

4-1.942 

0.718 

+4,786 

; 0.076 

+0.344 

6.072 

;+41.38 

cultures, 

4,0 

0.768 

+2.042 

0.714 

+4,790 

0.044 

+0.125 

3.251 

+16.81 

series I 

8.0 

0.728 

+1.584 

0.078 

+0.512 

0.073 

; +0.309 

1 .434 

+4.05 


16.0 

0.733 : 

+2,643 

0.000 

-1.616 

0.079 

+0.479 

2.915 

+ 17.91 

Minus-nitrate 

0.0 

0.310 

-1.331 

0.048 

+0.293 

0.182 ' 

4 - 0 . 93S 

4.186 ' 

+ 20.11 

cultures, 

4.0 

0,310 

-1.584 

0.012 

+0.069 

0.146 

4-0. 599 

1,598 

+3.02 

series II 

8.0 

0.491 

+0.299 

0.012 

+ 0.101 

0.125 

4-0.878 

0.401 

-2.04 


16.0 

0.668 

+1.158 

0.032 

+0.216 

0.037 

4-0.425 

0.260 

-3.63 


author found that malic acid was actually respired during semianaerobic con- 
ditions in the gi’ape plant. 

That the nitrate ion has a determinative effect upon malic acid production is 
clearly shown by the fact that the yield of this acid from the plus-nitrate plants is 
much higher than the corresponding yield from the minu-s-nitrate jrlants. The 
malic acid content of the plus-nitrate plants at low oxygen levels is more than 
double the content in the plants of the corresponding minus-nitrate cultures. 

Oxalic acid. The production of oxalic acid pre.seiits a different situation 
from that of malic acid. In table 1 the usual inverse relationship is evident 
between the oxalic acid content of the plus-nitrate plants and oxygon concen- 
tration of the substrate. The minus-nitrate cultures have a very low content 
of oxalic acid, with no signifujant variation related to the oxygfui tensions of the 
substrate. 
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The inevitable conclusion is that oxalic acid production is directly related to 
the presence of the nitrate ion and is inversely dependent on the oxygen con- 
centration of the substrate. The connection between these two facts may be 
significant and suggests a direct association of oxalic acid production with 
nitrate reduction, since it has been shown (14) that nitrate reduction proceeds at 
a more rapid rate at low than at high oxygen levels in the substrate. 

Carbonyl Acids. In an attempt to fractionate the organic acids further into 
characteristic types, the ketonic acids were determined as a group and expressed 
as pyruvic acid in terms of milliequivalents per gram of dry tissue. Only a 
small fraction of the total, however, was found to be due to these acids. No 
relationship of carbonyl acids with the oxygen concentration of the substrate is 
evident in the plants of the plus-nitrate cultures, although the content of these 
acids in the minus-nitrate plants shows a very definite inverse relation with 
oxygen levels. Furthermore, these are the only acids for which higher values 
are shown for the plants of the minus-nitrate, than for corresponding ones of 
the plus-nitrate, cultures. There is at present no explanation for this departure 
from the general trends of organic acid production as indicated by quantitative 
data. 

Unknown organic acids. The unknown organic acids still represent the 
largest fraction of the total organic acids of the test plants here considered. No 
picture of the organic acid relationships in the metabolism of the plant will be 
complete until the components of this unknown fraction are separated and 
identified. It is this fraction which determines the general trends and dominates 
the overall picture of organic acid production. 

SUMMARY 

Determinations were made of the total organic acid content of oat plants 
grown at varying oxygen tensions of the nutrient substrates, with and without a 
supply of nitrogen in the form of nitrate. 

The yield of total organic acids was invariably higher at low than at high 
oxygen levels in the substrate. 

The yield of total organic acids was invariably higher in the plants of the plus 
nitrate than in those of the corresponding minus nitrate cultures. The higher 
yields of the former can be ascribed only to the presence of the nitrate ion. 

The yield of malic acid was higher in the plants of the plus-nitrate than in 
those of the corresponding minus-nitrate cultures, but the oxygen levels of the 
substrate were without a significant effect upon the production of this acid in the 
plants of the plus-nitrate cultures. The malic acid content of the minus-nitrate 
plants, however, was lower at the low than at the high oxygen levels — a re- 
lationship directly opposite to that shown for all the other organic acids consid- 
ered, including the unknovm. 

Oxalic acid production was largely dependent upon the presence of the nitrate 
ion and was inversely related to the oxygen tension of the substrate. 

The carbonyl acids, determined as a group, were the only ones for which 
higher values were shown for minus-nitrate plants than for the corresponding 
plus-nitrate plants. 
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The unknown organic acids represented the largest fraction of the total orpsfiic 
acid content of the test plants, determined the general trends, and dominated the 
overall picture of organic acid production. 
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SOIL-PLANT RELATIONS: I. THE QUANTITATIVE RELATION OF 
EXCHANGEABLE POTASSIUM TO CROP YIELDS AND TO 
CROP RESPONSE TO POTASH ADDITIONS* 

ROGER H. BRAY 

Illinois Agricvltural Experiment Station 

Eeceived for publication June 10, 1944 

The calculation of crop yields, of yield increases from fertilisser use, and of 
fertilijzer requirements directly from simple chemical soil tests has been one of 
the main objectives of research in soil chemistry. The approximate achievement 
of these objectives for potash and phosphate soil tests has lately been realized in 
studies carried on at the Illinois Agricultural Experiment Station. This is the 
first paper in a series which will present the scientific aspects of the study. The 
practical application of the study is already being made through the extension 
soil-testing program in Illinois. 

In general, the soils in tlie corn belt region of the United States are not 
considered to be potash-deficient. There are many areas witliin the ('orn Belt, 
however, where soils highly deficient in potash are found. In the southern third 
of Illinois a high percentage of the soils are deficient in potash, as indicated by 
the results from the soil experiment fields and chemical studies in this region. 
These soils are strongly weathered and leached and have slow internal drainage 
because of hea^-y subsoils and poor structural development. 

A generalized map of Illinoiswas prepared by the writer someyearsagosliowing 
the areas where potash was seldom deficient, areas where such deficiencies were 
frequent, and still others where the soils were usually seriously deficient (4), 
Such a map is of value in showing the general situation throughout the state. 
It warns the farmers in the potash-deficient areas that they sliould inquire as to 
the possibility of potash need on their own faims, but it does not tell the farmer 
whether his own particular soil is deficient in potash, the extent of the deficiency, 
or the amount of potash fertilizer needed. The interpretation of experiment 
field results is also limited to generalizations because no one experiment field soil 
on one particular soil type can represent the varying potassium deficiencies to be 
found within that type or on other types. Areas of any given soil type may vary 
greatly with respect to their potassium deficiencies, partly because of natural 
variation and also as a result of the soil management previously practiced. The 
fertilizer requirement should vary correspondingly. Therefore, a knowledge of 
the soil type and of the response to potassium found by experiment field methods 
on one particular area of the type is not sufficient information to warrant a 
specific recommendation for potash use throughout that type. On tiie other 
hand, experiment field results are essential for this study, as will be shown by 
their use in this paper. 

^Contribution from the department of agronomy, Agricultural Experiment Station, 
University of Illinois. Published with the approval of the director of tlie experiment 
station. 


305 



306 


KOGEK H. BEAT 


In 1932 the writer published a test for exchangeable potassium in soils (3) and 
correlated it with the response of the common field crops to potash fertilizers^ 
This test measures the total exchangeable potassium in soils with approximately 
quantitative accuracy when the author^s technics are followed. It has been found 
to be accurate for soils with base-exchange capacities ranging from less than 4 to 
about 40 m.e. per 100 gm. of soil (6, 14). This test has provided an easy and 
rapid means of determining the amounts of exchangeable potassium in farm soils, 
and its use is the first step in determining the potassium requirement. It has 
been widely used for this purpose, but its greatest possibilities have not heretofore 
been explored. 

The study of exchangeable potassium and crop response to added potash 
reported in this paper reveals a good correlation between the amount of this form 
of potassium in com belt soils and the increase in the yield of corn which is 
obtained when a potash fertilizer is used in adequate amounts. The significance 
of this fact in the scientific study of soil-plant relations is discussed, and it is 
shown that, through the use of the test for exchangeable potassium, estimations 
can now be made of (a) the potash deficiency on each farm soil, (5) the yield 
increase on each, (c) the potash requirements for the majority of corn belt soils, 
and (d) the economics of potash use. 

EXPERIMENTAL 

Soils studied and their treatment 

The soils used were the surface soils of the RLP plots from 23 Illinois Experiment 
fields, which received crop residues and legume green manure (R), limestone (L), 
and phosphate (P) as their standard treatment. The crop yield data used in the 
study included the yields from the RLP and RLPK plots, the soil management 
and treatment systems of which were as follows (2) : 

A rotation of crops, usually a 4-year rotation of corn, oats, red clover or mixed hay, and 
wheat or corn, corn, oats, and wheat. 

The growing of a green manure crop of sweet clover (R) turned under in the spring for 
corn. 

The return of crop residues (R) , cornstalks and grain straw, a practice which varied some- 
what during the years when the return of straw w^as omitted from some fields during some 
periods. 

The turning under of the last cutting of red clover or mixed hay (R). 

The use of limestone (L) on all fields, in an attempt to maintain a reaction favorable for 
sweet clover and alfalfa growth. 

The addition of large amounts of rock phosphate (P) over a period of years, most of the 
fields having received a total of 4 tons since they were started. (The Antioch and Bloom- 
ington fields originally received bone meal.) 

The foregoing practices were common to the RLP and RLPK plots, and in addition the 
RLPK plot received 800 pounds of Eainit broadcast each 4-year rotation, 400 pounds ahead 
of the corn and 400 pounds ahead of the wheat. In 1932 this treatment was changed to KCl 


® Bray, R.H., andDeTurk, E. E. The Illinois potash test. 1934. 111. Agr. Exp. Sta. 
Agron.Dept. Pamphlet AG64. [Mimeographed.] 

Bray, R. H. The chemical nature of soil potassium in relation to its availability in 
Illinois soils. 1940. [Unpublished doctor's thesis, University of Illinois, Urbana.j 
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(50 per cent K2O), 100 pounds per acre hill-dropped for corn, 200 pounds broadcast for wheat, 
and 100 pounds broadcast for the legume. Since no significant increases .are obtained when 
these amounts of KCl are doubled on the soils most deficient in potash, it is assumed that 
these treatments are adequate for maximum yields. 

In this system the legumes and crop residues (R) are supposed to suppl}^ the 
nitrogen needed, and the limestone (L) supplies both calcium and magnesium, 
besidesmaking the pH favorable for legumegrowth. Noother elementsare known 
to be deficient except boron, which is somewhat deficient for clovers, alfalfa, and 
lespedeza in some southern Illinois soils, especially in diy seasons. Exchangeable 
magnesium is also extremely low in some of the gray soils, although not yet 
recognized as being deficient. 

The surface soils are mainly silt loams, silty clay loams, or silty cdays, except for 
the Oquawka sandy soil. The silt loam fields vaiy greatly, especially in sub- 
surface drainage, organic matter content, colloidal clay content, and stage of 
maturity as shown by their weathered and leached condition. The silt loams in 
southern Illinois are mainly well weathered and leached and have gray silt loam 
surface soils and tight clay subsoils. 

The colloidal clay of all of the soils used is principally of the beidellite-illite 
type (11). The total potassium content varies with the w'eathered status of the 
soil type (4), which in turn varies with the depth of loess and its distance from the 
source of loess (17). The parent material was mainly loess in the western and 
southern parts of the state and loess-like material in the north-eastern part. With 
respect to the kind of organic and inorganic materials and the range of amounts 
present, these soils represent the majorit}?’ of the soils in the Corn Belt. 

None of the limed soils were more than slightly acid, as shown by tlie glass 
electrode values rim with a 1 : 1 soil-water ratio. Their degree of saturation witli 
bases was correspondingly high. 

The dates of starting the fields, the range of the base-exchange capacities, the 
pH values of the RLP plots, and the principal soil type represented on each field 
aregiven in table 1. The soil samples studies were take# during the 1935 season. 
Each sample was a composite of 20 samples from each RLP plot, making a total 
of 88 composite samples from the 23 experiment fields included in this study. 

M ethod for determining exchmigeahle potassium 

The exchangeable potassium 'was determined b}^ soil test technics readily 
adaptable to large-scale testing programs, using the test originally described by 
the writer (3), but modified during the last 10 years as described below. After 
a" thorough study of the. various methods suggested for this purpose (6, 14), this 
method was chosen as quantitatively the most accurate. 

The directions for the modified test are more fully described in University of 
Illinois mimeographed pamphlet AG 878^, but are recorded in some detail here 
because they have not been published in any of the scientific Journals. 

3 By F. C. Bauer, H. J. Snider, and other memheri of the agronomy staff. 

* Bray, E. H. The use of sodium perchlorate ..as. a. reagent for exira<aing the replaceable 
and water-soluble constituents in soils. 1936. 111. Agr. Exp. Sta. Agron. Dept, Pamphlets 
AG424 and 878. [Mimeographed.) 
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Reagent .—A neutral solution of approximately 22 per cent by weight of 
hydrated NaC 104 in HsO or a similar NaNOs solution. 

TABLE 1 

General soil data on RLP plots of Illinois experiment fields 


EXPESBCENT ElELD 

PJONCIPAI, SOIL TVPE 

BASE- 

EXCHANGE 

CAPACITY 

pH BANGE 
ON RLP 

PLOTS 1935 
SAMPLES 

DATE 01 
START OP 
EIEID 



m.e./I00 

gm. 



Grouping 1— Brown to black 
silt and clay loams (least 
mature soils) 





Aledo 

Sable silty clay 

2S-35 

5.7~6.9 

1910 

Bloomington 

Lisbon silty clay loam* 

20~30t 

5.7 

1902 

Dixon 

Muscatine silt loam 

20~30t 

5. 9-6. 3 

1910 

Joliet 

Swygert silt loam 

27 

5.7-6. 2 

1914 

Kewanee 

Muscatine silt loam* 

20~30t 

6. 0-6. 2 

1915 

Mt. Morris 

Tama silt loam 

26 

1 6. 4-6. 6 

: 1910 

Grouping 2 — Grayish brown 
silt loams (more mature 
soils) 


i 



Carlinville 

Ebbert silt loam* 

18-25t 

6. 0-6. 5 

1910 

Carthage. 

Herrick silt loam* 

25 

6. 1-6.4 

1911 

Clayton 

Oconee silt loam* 

21 

6. 4-6. 6 

1911 

Lebanon 

Herrick silt loam 

18-25t 

5. 8-6. 5 

1910 

Grouping S—Gray silt loams 
on tight clay (most ma- 
ture soils) 





Enfield 

Loy silt loam* 

S~12t 

6. 4-7.0 

1913 

Ewing 

Cisne silt loam* 

11 

6. 7-7.0 

1910 

Newton. 

Cisne silt loam* 

8-12t 

5. 7-6. 9 

1912 

Oblong 

Rinard silt loam 

8~12t 

5. 6-6. 2 

1912 

Raleigh 

Hoyleton silt loam* 

8-12t 

6.7-7. 0 

1910 

Sparta 

Bluford silt loam* 

8-12t 

6. 0-6. 6 

1916 

Toledo — 

Cisne silt loam 

11 

6. 3-6. 4 

1913 

Unionvilie 

Not correlated 

9 

6. 2-6. 7 

1911 

Grouping 4 — ^Miscellaneous 





Antioch 

Miami silt loam* 

10 

6.7 

1902 

Elizabethtown.. 

Not correlated— eroded 

10-16 

5.7-6.4 

1918 

Hartsburg, 

Sable silty clay 

37 

6. 5-6.7 

1912 

Minonk 

Saybrook silt loam* 

37 

6. 3-6. 8 

1910 

Oquawka 

Loamy sand, not correlated 

3-4 

6. 2-6. 6 

1914 


* Mixed with relatively large areas of one or more associated types, 
t Not determined-values given are the range for this soil type. 


Reagent B.— Cobaltinitiite solution; 50 gm. of CoCNOj)! and 300 gm. of NaNOj 
dissolved in water acidified with 25 ml. of acetic acid and made up to a liter with 
distilled water; allowed to stand 24 hours and filtered into a brown bottle. 
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Reagent C. 50-50 mixture by volume of S 3 mthetie methyl aB,d isopropyl 
alcohols. The usual 95 per cent ethyl alcohol could be used in place of this 
mixture. Isopropyl alcohol can also be used but may require a different cali- 
bration from the 50-50 mixture. 

Reagent D.— 40 per cent foimaidehyde. 

Other materials . — ^Turbidity chart (a set of very thin black lines on bond paper) ; 
medicine droppers, calibrated in 0.1-mL divisions; filter tubes; 5-gm. scoop. 

Procedure . — IMeasure or, preferably, weigh 5 gms. of air-dry soil into an 18- by 
100-mm. flat-bottomed vial containing 10 ml. of reagent A. Shake the vial for 1 
minute and pour the contents on dry folded filter paper placed in a filter tube. 

Measure 2 ml. of the filtrate into a 16.5- by 50-mm. flat-bottomed tube, add 
4 drops of reagent D, and 6 drops (20 drops to 1 ml.) of reagent B, and shake. 
Add gently down the side of the tube 2 ml. of reagent C so that two layers are 
formed. Mix gently at first, then more rapidb^ until the two layers are mixed. 
Let the mixture stand 2 minutes. Take a clean 16.5- by 50-mm. flat-bottomed 
vial and place it on the turbidity chart which is on a glass platform and is 
illuminated from below by an enclosed 6-watt (120-volt) candelal)ra-base Mazda 
lamp. The whole device is covered so that no outside source of liglit interferes 
with the reading. 

Using the calibrated medicine dropper, measure the siLspension of developed 
precipitate into the vial until the thin black lines are just obscured. Be careful to 
fix the focus of the eye on the chart instead of on the top of the solution. The 
number of milliliters of the turbid solution necessary’' to obscure the thin lines is 
read from the conversion table in terms of pounds of K or K 2 O an acre. 

A conversion table is established by using standard potassium solutions, and 
the precipitation and reading method have quantitative accuracy. For workers 
having imperfect vision, the test can be calibrated in terms of the individual 
worker’s eyesight. The test should be carried out between 18® and 25® C. and on 
soils which have been air-dry for 8 to 10 days.® Standard K solutions are used 
as a check on the accuracy of the whole procedure. The turbidity of the solution 
can also be measured with a higher degree of accuracy by a photometer. 

PRESENTATION OF THE DATA 

The crop data given in table 2 w^ere obtained from the records of the Illinois 
Soil Experiment Field Division®, Except for the Bloomington and Antioch 
fields, each value represents the 4-year average yield of corn obtained on the 
field. Since corn is grown each year, the yield from each RLP plot or each RLPK 
plot is represented in the average. On the Illinois Soil Experiment Fields the 
RLPK plot is adjacent to the RLP plot in almost every ciise, and therefore a 
minimum of influence from soil variation is present in this study. 

'Thoroughly air-dried soils are absolutely necessary. For certain soils, the required 
drying period may be longer than that indicated. Low values are obtained on soils not held 
long enough. 

« The writer is indebted to F. C. Bauer, in charge of the experiment fields, for the yield 
data used in this paper. 
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TABLE 2 

Corn yields on plots of Illinois experiment fields* 


DOTATION averages, IN BUSHEiS PER ACRE 


EXPERIMENT PIELB 

1934-1937 Rotation 

1938-1941 Rotation 

EXCHANGE- 
ABLE K OP 
RLP PLOTS 

RLP 

RLPK 

Increase 

forK 

RLP 

RLPK 

Increase 

forK 


b) 

U) 

(4 - y) 

b) 

(4) 

(4 - y) 

Ihs./A. 

Grouping 1 








Aledo 

72.7 

74.0 

1.3 

99.8 

104.5 

4.7 

322 

Bloomingtonf 




63.3 

66.2 

2.9 

260 

Dixont 

73.3 

86.4 

13.1 

93.9 

99.1 

5.2 

265 

Joliet 

39.1 

40.0 

0.9 

63.3 

69.4 

6.1 

212 

Kewanee 

70.6 

68.8 

-1.8 

97.0 

100.3 

3.3 

222 

Mt. Morris 

63.1 

66.8 

3.7 

89.5 

99.4 

9.9 

237 

Grouping 2 








Carlinville 

35.5 

43.7 

8.2 

73.7 

85.5 

11.8 

174 

Carthage 

46.3 

48.2 

1.9 

91.0 

93.9 

2.9 

241 

Clayton 

30.6 

35.2 

4.6 

79.3 

89.0 

9.7 

158 

Lebanon 

64.4 

71.0 

6.6 

101.0 

107.7 

6,7 

156 

Grouping 3 








Enfield 

24.3 

38.4 

14.1 

39.9 

60.2 

20.3 

76 

Ewing 

15.0 

40.5 

25.5 

21.1 

55.2 

34.1 

<50 

Newton 

12.3 

28.8 

16.5 

33.8 

54.1 

20.3 

86 

Oblong 

35.4 

53.3 

17.9 

36.6 

71.0 

34.4 

75 

Raleigh. 

30.4 

36.7 

5.3 

27.9 

56.1 ; 

28.2 

73 

Sparta 

14.7 

19.7 

5.0 

27.0 

45.9 

18.9 

66 

Toledo 

25.6 

51.7 

26.1 

32.8 

70.8 

38.0 

50 

Unionviile 

25.1 

29.7 

4.6 




132 

Grouping 4 








Antiochf. 




35.9 

44.5 

8.6 

123 

Elizabethtown 

32.8 

31.6 

-1.2 

62.3 

63.1 

0.8 

211 

Hartsburg. 

61.6 

58.2 

-3.4 

80.6 

82.0 

1.4 

225 

Minonk 

66.7 

65.9 

-0.8 

96.3 

91.9 

-4.4 

219 

Oquawka 

34.3 

36.0 

1.7 

49.9 

53.7 

3.8 

90 


During the 1934r-1937 rotation, mainly open-pollinated corn was grown, and several 
drouthy seasons occurred. During the 1938-1941 rotation, hybrid corn was grown except 
on the Toledo field, and in general the seasons were favorable. 

t The Antioch and Bloomington fields grow corn only once every 4 years. The average 
used is for a longer period. 

t The soil management practice was changed at Dixon during the periods included in 
this' study. 

The values for exchangeable potassium given in table 2 are the average for ail 
the RLP plots on each field. In general the RLP plot values on any one field 
did not vary significantly. 

The data in table 2 show that the response to added potash has varied greatly 
from field to field. Comparison of the increases with the exchangeable potassium 
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values shows that in general the largest increases were obtained from the fields 
having the lowest replaceable potassium content and vice versa. 

ANALYSIS OP THE DATA 

Correlation between exchangeable potassium content and 
increase in yield following potash use 

An inspection of table 2 shows that there is only a fair correlation between the 
increase in corn yield obtained with potash fertilizers expressed in bushels per 
acre, and the total exchangeable potassium in the surface soil expressed in pounds 
per 2,000,000 pounds of soil. 


lacreaaa 
ia yield 
followlne j 
ICaO use 
(buihals) L 

401 


30 


Urn 






.JU 


20 40 60 «0 100 20 4o60«0 200 20 40 60 20 300 

Sxehtafiitblf K In povndi pAr «er« hy ttat. 

Fig, 1, Eelationship between Ebpeacbable Potassium ani> Inceeasbs 
IN Coen Yiblbs foe KsO Use 


In figure 1 each dot represents the average increase in corn yield on one field 
for the 1938-1941 rotation period plotted against the average exchangeable 
potassium content. The dots exhibit considerable scattering, showing a general, 
but by no means close relation between the increase in yield expressed in busliels 
per acre and the exchangeable potassium content of the surface soil An inspec- 
tion of the yields on the ELP plots and their exchangeable potassium content 
likewdse shows no exact relationship. 

Correlation between exchangeable pota^ssium and RLP yiehh expremed as 
percentage of RLPK yields 

If, on the other hand, the RLP yields, expressed as percentages of the RLPK 
yields, are plotted against the exchangeable potassiuni, as in figure 2, a closer 
correlation is obtained. Tills shows that the exchangealile potassium valuers are 
directly related, not to the corn yield in bushels prtxluccMl on any one field, but 


r 'A 
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to the percentage yield on the untreated soil where the yield on the soil adequately 
treated with K 2 O is the 100 per cent yield, e.g. 

RLP plot yield/RLPK plot yield X 100 = percentage yield without 

added potash 

The significance of this correlation becomes immediately obvious. One can 
now run a soil test for potassium and predict directly from the test value and the 
curve in figure 2 the percentage yield being obtained on that soil inasfar as potash 
is concerned. This percentage yield value can also be described as the ‘ 'percent- 
age sufficiency of the available potassium,’’ the "potassium fertility rating” 
of the soil; and the difference between it and 100 can be called the "percentage 



Fig. 2. Relationship between Exchangeable Potassium and Corn Yields 
ON Untreated Plots Receiving no K2O 


deficiency in potassium.” Since the exchangeable potassium value is related 
directly to the percentage yield obtained without added potash, it must also be 
related to the fertilizer requirement for potash. 

A more convenient method of dealing with this relationship is through the 
equation for the curve. Since this resembled a typical “law of diminishing 
returns” curve, the Mitscherlich equation was applied as described below. 

Application of Mitscherlich equation to data 

The relationship between yield, added fertilizer, and the amount of the 
nutrient already present in the soil has been expressed by Mitscherlich through 
his “working equation” referred to as “the law of the soil,” “law of physiological 
relations,” and later as “the law of action of the growth factors.” 
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Mitscherlicli’s equation is based on. the assumption that “the yield increases in 
proportion to the amount by which the current yield fails of the maximum yield, A” 
( 15 , 18 ). 

( 1 ) 

where y == yield, z = amount of nutrient added per amount of soil, A “maximum 
yield, and c = proportionality constant. 

The integration of this equation is given by Mitscherlieh (19) and leads to his 
“working equation’’ which is as follows: 

Log (A-y) = Log A - c (x + 6) (2) 

where A = maximum yield, y = yield obtained w'hen x units of a nutrient are 
added to the soil, z = units of nutrient added per amount of soil, b = original 
nutrient content expressed in units of the added nutrient x, c = proportionality 
constant (Mitscheiiich’s “working factor”). 

Over a period of years Mitscherlieh has shown, by continued experimentation, 
the general applicability of his law to many important factors, e.g., x and b in 
his equation. Furthermore, he has originated a special pot test technic for 
measuring the values in this equation. 

Equation (^) expresses the nutrient content of the soil in terms of the fertilizer 
added, i.e., no direct determination of b was ever made by Mitscherlieh, and c and 
b can be calculated only where x (the fertilizer) has been added to a sufficient 
number of different plots or pots in varying amounts. 

Since only one rate, the maximum amount of liCl needed for the most deficient 
soils, or 400 pounds per rotation, has been used on all the Illinois experiment 
fields there are not sufficient data in the present study to apply equation (2). 

To overcome this obstacle, the writer has modified equation (B) as follows: 

Log (.4 — y) = Logri Cl bi (S) 

wdiere ci = the proportionality constant, bi = the amount of nutrient in the 
surface soil as measured by ifie soil testf A “ yield when potash is not deficient, 
y = yield when no potash is added. 

The value of equation (3) lies in the fact that it eliminates the value x, or 
fertilizer added, and can be applied directly to the experiment field data as 
follows: ■■■■ 

Log (RLPE yield^ — RLP yield) = Log RLPK yield — Ci (exchangeable K 

content) (Sa) 

Table 2 contains all the data necessary for the calculation of the ci values for 
the soils of all the soil experiment fields.^ ^ 

Another modification of the equation which includes x, or the amount of 
fertilizer, added is as follows: 

Log (A -- y) ^ A .(m U +. (4) 
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where x = the amount of nutrient added, and c = proportionality constant of 
added nutrient. This equation is of value in connection with equation (S) in 
calculating fertilizer requirements on farm soils once c and ci have been de- 
termined and hi is measured directly on each field by the soil test. 

To calculate the value of ci for the Illinois experiment field soils, values for 
A, y, and bi in equation (3) must be known. This involves certain assumptions 
with respect to the data in table 2. These are as follows: 

The yield on each RLPK plot is the maximum yield of corn obtainable for that situation 
as far as potash is concerned, i.e., the potassium supply has been adequate and no further 
increases in yield would be obtained for additional increments of K 2 O. Therefore, the 
RLPK plot yield =* jA in equation (5). 

The difference in yield between the RLP plot and the RLPK plot is due entirely to the 
potash added, and is a measure of the effectiveness of the potassium in the RLP plot for 
corn growth. Therefore, the RLP plot yield — ym equation (S). 

The total exchangeable potassium value as measured by the soil test is a measure of the 
amount of ^‘available” potassium. Therefore, the test value — hi in equation (3). 

Calculation of Cifor the Illinois experiment field soils 

The application of equation (3) to the crop response and chemical data in 
table 2 permits the calculation of ci for each experiment field. 

According to table 2, the Enfield field during the 1938-1941 rotation grew 39.9 
bushels of corn on the RLP plot, 60.2 on the RLPK plot and gave a soil test value 
on the RLP plot of 76 pounds of K per acre 2,000,000 pounds of soil. Substituting 
these values in equation (3) gives 

Log (60.2 - 39.9) = Log 60.2 - ci.76 

and solving for ci gives 0.0062 for the Enfield field. 

Once the value of ci is known, the fertility rating or percentage yield of similar 
soils with respect to potassium can be approximately calculated from the soil test 
value. This can be done by the use of the percentage relationships. For 
example, with a soil testing 90 pounds, 

Log (100 ~ 2 /) == Log 100 - 0.0062-90 

Solving, gives 2 / = 72 per cent, which means that a soil containing 90 pounds 
of exchangeable potassium can produce 72 per cent of the yield of corn possible 
wtee potassium is adequate; i.e. the yield, A, is used as the 100 per cent yield 
for this situation. In this example, the assumption involved in this calcuation 
is that the second soil is similar to the Enfield soil except for the difference in 
exchangeable potassium. 

The use of this percentage relationship in practice has possibilities for determin- 
ing the fertility rating of the soil with respect to potassium. For example, 
where the ci value or values are known for a group of soils, the potassium 
fertility rating can be calculated for each particular soil by merely testing the 
soil and substituting the test value for hi in equation (3), using A = 100 (per 
cent). This will give 2 /, or the yield without added K 2 O, in terms of percent, and 
this percentage value for y is the potasSum fertility rating where 100 equals the 
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maximum rating with potassium supplied. The successful use of the soil test 
value for this purpose depends upon how nearly constant the Ci values are for 
similar soils and whether or not ci values can be established for all soils. 

TABLES 


Soil values foT feplaceahle potassium on samples collected in 19 $S from the Illinois expsfi- 
ment fields and the calculated average values for ci, /of different rotation periods 


EXPEUMENT f IEL0 

REPLACEABLE E IK 

lbs,/a. 

Cl VAUTES FOR DXfFERlHT PERIOOS 


1934-1937 1 

1938-1941 


m 



Grouping 1 




Aledo 

322 

.0055 

.0041 

Bloomington* 

260 


.0048 

Dixon. 

265 

.0031 

.0018 

Joliet 

212 


.0050 

Kewanee 

222 


.0066 

Mt. Morris 

237 

.0053 

.0042 

Average 


.0047 

.0050 



Grouping 2 




Carlinville 

174 

.0042 

.0049 

Carthage 

%%l 

.0058 

.0063 

Clayton 

158 

.0056 

.0061 

Lebanon 

156 

.0066 

1 .0077 

Average 


.0055 

.0062 



Grouping 3 




Enfield 

76 

.0044 

.0062 

Ewing 

<50 

.0030 

.0040 

Newton 

86 

.0028 

.0050 

Oblong. 

75 

.0063 

.0042 

Raleigh 

73 

.0113 

.0041 

Sparta 

66 

.0090 

.'0058 

Toledo. 

50 

.0060 

.OOM 

Unionville 

132 

.0061 


Average 


.0062 

.0050 



Grouping 4 




Antioch* 

123 


.0058 

Elizabethtown ' ' — 

211 


.CM)90 

^ Hartsburg 

225 


.0079 

■ 'Minonlc... . , — 

. Oquawka.,. ■ 

210 

90 

.0147 ■ 

, .0120: , 


* Includes a longer rotation period. 


Table 3 gives the values for cx calculated as illustrated above. Two rotation 
periods, 1934r"1937 and 1938-1941, are included. The exchangeable potassium 
values (hi) are the amounts found in the 1935 samples. 
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The first rotation period covers the period closest to the sampling date. From 
this standpoint, it should give the most accurate ci values, because any decrease 
in exchangeable potassium, as would be expected over a period of years, should 
influence the 1938-1941 values for ci the more. Fields in group 3 do show some 
decline in the ci value for the latter period, but groups 1 and 2 give no evidence 
that any significant decrease in exchangeable potassium has occurred. The 
average ci value for all three groups during both periods is 0.0055. This indicates 
that any expected change in exchangeable potassium has not been great enough to 
interfere with the calculation of an average Ci value for practical use. Other 
studies also show that changes have not been great. Although the exchangeable 
potassium may not have changed significantly in these soils, which are apparently 
in equilibrium with the cropping system used, this cannot be construed as 
indicating that under other conditions this will also hold. Soils may vary rapidly 
in their exchangeable potassium when the cropping system or soil treatments are 
altered. This should not, of course, change the value of ci, but it will affect the 
period of time over which predictions from a soil test value will be of use. 
Though the possibility of long range predictions is indicated, when the soil tested is 
a relatively untreated soil, i.e., has not been built up significantly by potash addi- 
tions, interpretations for soils already treated with potash may in some cases be 
good for only the following crop year. 

Group 4 averages considerably higher than 0.0055. In this group the 
Hartsburg and Minonk fields have rather consistently give decreased yields for 
potash use and wuuld not be expected to give a reliable ci value. The Elizabeth- 
town field also gave decreases for potash use during the more drouthy period. 
Of the remaining two fields, which give fairly low test values, the Antioch field 
Cl value of 0.0058 is nearly the same as the average for the other fields, but the 
especially drouthy Oquawka sand gives a Ci value entirely out of line.^ 

Theoretically, equation (5) should be applied to the individual yield values, 
not to average values. The value of ci could be expected to vary somewhat for 
different seasonal conditions. In calculating the ci values for use in practice, 
however, the rotation averages are used, and ci is a value for average seasonal 
conditions. 

Calculation of the 'percentage sufficiency o f exchangeable potassium 

An average ci value for corn, as calculated above, will be of little practical use 
if the deviations from the average are large. The test of the usefulness, of an 
average Cl value lies in the ability to calculate through its use values for either 
percentage suflSciency (percentage yield or potassium fertility rating) or yield 
increases in bushels per acre. Good general discussions of this type of application 
of hlitscherlich’s law are given by Spillman and Lang (18) Olsen and Shaw (16), 
Briggs (10), Balmukand (1) and especially by Willcox (19). 

The percentage sufficiency can be calculated directly from the soil test value 
without any additional information except the value for ci. 

^ A preliminary study of the responses of the other crops on this field shows the ci value 
to be more in line with the results from other fields. Apparently the drouthy condition 
of this soil influences only the ci value lor corn. 
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^ The yield increase in buvshels per acre can be calculated only where eitlier the 
yield without potash or the yield with adequate potash is known. In table 4 


TABLE 4 

Calculation of percentage sufficiency of soil potassium and of yield increases due to added 
potash on Illinois experiment fields 


EXPESIMENT EIELD 

EXCHANGEABLE 

K 

RLP PLOT PERCENTAGE 
SHFPICIENCV 1938-1941* 

RLPK PLOT flELB INCREASE 

IN BUSHELS 1938-1941 

Calculatedf 

Found 

Calculatedf 

Found. 


Ihs./A, 





Grouping 1 






Aledo 

322 

98 

94 

1 

5 

Bloomington 

260 

96 

96 

2 

3 

Dixon 

265 

96 

95 

4 

5 

Joliet 

212 

93 

91 

5 

6 

Kewanee 

222 

94 

96 

6 

3 

Mt. Morris. 

237 

95 

90 

4 

10 

Grouping 2 






Carlinviile 

174 

89 

86 

9 

12 

Carthage 

241 

95 

97 

5 

3 

Clayton 

158 

86 

89 

11 

10 

Lebanon 

156 

86 

94 

16 

7 

Grouping 3 






Enfield 

76 

62 

66 

24 

20 

Ewing 

<50 

46 

38 

25 

34 

Newton 

86 

66 

62 

17 

20 " 

Oblong 1 

75 

62 

52 

22 

34 

Raleigh 

73 i 

59 

50 

19 

28 

Sparta. 

66 

56 

59 

21 

19 

Toledo 

50 : 

46 

46 

38 

38 

Unionville — 

132 

80 

86 

6 

5 

Grouping 4 






Antioch — 

123 

78 

81 

10 

8 

Elizabethtown. 

211 

93 

99 

5 

1 

Hartsburg. 

225 

94 

98 

5 

,1 

Minonk 

219 

94 

102 

6 

-4 . 

Oquawka. 

90 

67 

93 

25 

■ 4 


* Except for Bloomington, Antioeh, and Unionvilla fields, 
t Gaiculated from the fonowing equations : 

Log (100 - y) ^ Log 100 — 0.0055 (exchangeable K) 
where y = percentage sufficiency of soil K or the percentage yield obtainable on the RLP 
plot. 

Log (A — RLP plot yield) « Log A — 0.0055 (exebangeabie K) 
where A » yield in bushels obtainable on the RLPK plot. 

the RLP plot yield was taken as the base and the RLPK plot yield was calculated 
in order to obtain the difference between them, or the caleuhited yield increase. 
Table 4 gives the calculated and experimental valuers fur both percentage 
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sufficiency and yield increase. Only the Oquawka sand field failed to give 
sufficient agreement between experimental and calculated values to permit 
the use of the average ci value for this crop-soil climate relation. The other 22 
fields showed good agreement, as proved by the fact that the standard error of 
estimate is db 5 per cent. 

In equation (S) the soil test value is substituted for 5i. This use of the soil 
test differs from that described by Willcox (19, chap. VIII). Willcox’s suggested 
use is based on the unstated assumption that the soil nutrient measured by the 
soil test is present in the soil in the same form and possessing the same “avail- 
ability” as the fertilizer form of the nutrient when it is first added. This is an 
assumption unsupported by any evidence, but it does represent a practical al- 
though not exact method of applying the Mitscherlich equation and constants 
to soil testing in lieu of any more scientific approach. The writer^s appli- 
cation of the Mitscherlich equation, as given by equation (S), is not based 
on any such assumptions or use of the Mitscherlich constants. The constant Ci 
is directly calculated from soil test and experiment field data for the soils and 
crops concerned, and this study has been preceded by other studies as to the 
quantitativeness of the soil test, the nature of exchangeable potassium and 
its renewal from other forms, and numerous other phases of the chemistry of soil 
potash (8,9,11). Attention should also be directed to the fact that the Mitscher- 
lich equation is used in this study because it fits the data, which is a different 
situation from that in -which isolated data are interpreted through the Mitscher- 
lich equation and constants, simply by assuming that these apply. The 
Mitscherlich equation is used because it is a convenient way of expressing the 
relation found between the exchangeable potassium and the crop growth and 
response, as shown by figure 2. The practical use of the potassium test is 
accompanied by tests for limestone and phosphate needs, and in practice any 
potash recommendation will be accompanied by recommendations for any other 
limiting nutrients. Thus the question as to whether or not ci remains a constant 
under conditions where other nutrients vary in their degree of deficiency does 
not enter the picture as far as the practical use of the test is concerned. It should 
also be mentioned that the application of the Mitscherlich equation, as made in 
this study, depends upon the ability of the soil test to give a quantitative measure 
of the exchangeable potassium. Many of the soil tests now in use cannot 
measure exchangeable potassium quantitatively, and hence the practical inter- 
pretations given in this paper cannot be made following their use (6, 15). 

PRACTICAL APPLICATION 

VariaMons in factors infliiencing crop growth 

The data in table 2 for corn yields and responses to added potash were obtained 
on soils varying widely in their physical nature and in their yield under full 
treatment. These differences have produced no wider differences in the ci 
values between groups 1, 2, and 3 than occur within each group. From this 
standpoint, therefore, it is practical to use an average ci value for all the soils 
represented in these groups. This value, then, applies to all the corn belt 
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soils of similar physical and chemical natui^e and will include most of tlie timber 
and prairie soils in the Corn Belt. 

Theoretically j variations in such' properties as the magnitude of the base- 
exchange capacity will vary the effectiveness of the exchangeable potassium, as 
will also variations in nitrate production, GO 2 evolution, and the rate, of renewal 
of the exchangeable potassium from nonexchangeable or difficultly exchangeable 
forms. Actually these variations, although represented on the field studies 
(5, 8, 9), have not resulted in too widely different ci values. 

There is another group of factors which must also be considered. The average 
Cl value of 0.0055 for com vras obtained under conditions where other nutrients 
were supposedly not deficient. Does this ci value hold in a practical way only 
for such soils, or will it hold for soils deficient in other nutrients? Baule’s 
interpretation of Mitscherlich’s data maintains that it will. This is in direct 
contrast to the old theory of ‘The limiting factor” (18). The Mitscheriich- 
Baule interpretations consider this older theory as thoroughly discredited. The 
fact that similar ci values are found for exchangeable potassium on soils varying 
widely in productivity under full treatment supports the ?vIitselierli(*h-Baule 
interpretation. In its fullest sense, this interpretation states that the variation 
in yield caused by varying a growth factor will follow tlie Alitseherlich equation 
regardless of the deficiencies or sufficiencies of the other factors. 

If this is a fact, then the ci value for exchangeable potassium can be used to 
calculate yield responses on soils varying widely in their supplies of “available” 
phosphorus, nitrogen, calcium, magnesium, and other nutrients. This would 
mean that a soil 50 per cent deficient in potassium would giv(‘ a double yield 
when adequate potash is applied, regardless of the supplies of t he other nutrients. 
It means that, without potash, the other nutrients, regtirdless of the status of 
their deficiencies, are not being used efficiently. It metuis further that on 
potash-deficient soils added potash can produce increttsed yields by ineretising 
the overall efficiency of the plant in obtaining and iitili7.ing water and other 
nutrient elements wiiich may or may not be deficient. And finally it means that 
an average Ci value can be used in practice for most of the soils of tlie Corn Belt 
to calculate the present deficiency of a farmer’s soil directly from a soil test value 
without knowiedge of the past history of treatment, management, or deficiencies 
in other nutrients. - 

, This seems to be too broad an- interpretation to accept without some limita- ; 
tations. ' Though it appears to be true for the. soil conditions usually fou.nd i.n the 
, Corn Belt, theoretically certain conditions .could be expected, to make the use of 
Cl less reliable. 

A certain type of rainfall distribution encouraging luxuriant grou1,h f<.)llowed 
by hot winds and dry w^eather may cause (and has caused) decreases in yields on 
treated plots compared to tlie cheek plot yields where deikicmics are present. 
Soil factors wffiich can change as rapidly as water and nitrate may often result in 
a smaller increase than expected, wffien potash is used on a potash-deficient soil, 
or may even result in a decrease in the total yield. Tliis effect for silt and clay 
loam soils is already iruiuded, how'ever, in the average Ci value, wiiich imiudes 
the results from more tlian one season. The fact that the i )(|uawka data <lo not 
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give a Cl value for corn close to the average may be due to the drouthy nature of 
the sand found on this field. 

It is to be expected that the equations under consideration and the Mitscherlich- 
Baule interpretations might fail at an extremely high productive capacity, as, 
for example, 300 bushels of corn an acre. It should be remembered that most, 
if not all, of the mathematical interpretaions of natural laws, as in physics and 
and biology, apply only in the middle portion of the total range of conditions 
and fail at the extremes. This is equivalent to saying that new ci values would 
probable have to be computed from actual yields for extremely high yields of 
say more than 175 bushels, and that probably no equations would hold for 
yields of less than 15 to 20 bushels of com an acre. 

There are numerous experiment field data showing that where a soil is deficient 
in more than one nutrient, the addition of just one of them will bring about an 
increase in yield. In table 5 are given data for potash response on the same 

TABLE 5 


Response of corn to KCl on Ewing field 
Average yields of 13 corn crops, in bushels per acre, up to 1941 


ORIGINAL TREATMENT 

•tELDS WITHOUT KCl 

YIELDS WITH KCl 

PERCENTAGE K SUFE1CIENCY§ 


ic) 

ib) 


0 

11.4 

15.8* 

73 

E 

13.6 

34.3* 

40 

EL 

16.3 

38.4* 

42 

ELP 

19.0 

39.9* 

48 

ELP.... 

19.0 

46,5t 

41 

ELP 

19.0 

46. 6t 

41 


New ECl across old treatments (original amounts). 

t Old K treatment continued. 

t New K across old K treatment (double K). 

§ Yield without K __ ^ . 

— rr-Tz — X 100 » percentage sufficiency. 

Yield with K 

field from differently treated plots. In all but one case, the percentage increase 
in yield is similar, showing that the Baule interpretation of Mitscherlich's data 
is applicable. This is only one of several similar sets of data, which confirm 
this relationship, obtained by Bauer in special studies. It appears, therefore, 
that it will not be necessary to restrict the interpretation of the data to soils 
where no nutrient but potash is deficient. 

For the present, however, the writer is restricting the interpretation to cases 
where only the relatively immobile nutrients vary in their deficiencies. This 
eliminatewS water and nitrogen present as nitrate. Also the interpretation will 
be limited for the present to the silt loam and clay loam soils of the Corn Belt. 
This eliminates sands, peats, mucks, and alkali spots. 

Applying soil testing to the individmlfarm soil 

The fact that the exchangeable potassium is a measure of the percentage 
sufficiency of the soil potassium and the further fact that this relationship does 
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not change appreciably for the range of productmty now found in corn belt soils 
is of great practical significance to corn belt farmers. 

Asa result of knowing the Ci value, established by the correlation between jneld 
increases on the experiment fields and the soil test results, it is now possible to 
test each farmer’s soil and estimate in a practical way the fertility rating w'ith 

TABLE 6 

Economics of use of potash for corn 


Results per acre 


EXCHANGEABLE 

K 

PERCENTAGE 
YIELD* OBTAIN- 
ABLE WITHOUT 

KiO 

AVERAGE YIELD 
IN PAST 
WITHOUT KaO 

a\t;rage yield 

IN EUTURE 
^TTH KaO 

INCREASE FOR 
ADDED KsO 

KaO KEEDEDf 

KaO COST 

AS KC! 

lbs. 


bu. 

bu. 

bu. 

Ih. 

$ 

55 

53 

20 

38 

18 

72 

3.60 



30 

56 

26 





40 

75 

35 





60 

94 

44 



73 

63 

20 

32 

12 

65 

3.25 



30 

47 

17 





40 

63 

23 





60 

95 

35 



95 

74 

20 

27 

7 

66 

2.80 



40 

54 

14 





60 

81 

21 





80 

108 

00 



127 

84 

20 

24 

4 

43 

2.15 



40 

47 

7 





70 

83 

13 





100 

119 

19 



150 

90 

20 

22 

2 

34 

1.70 



40 

44 

4 





70 

78 

8 





110 

122 

12 




The percentage yield used in this practical application is based on 95 per cent as the 
maximum'' yield which can be most economically attained. Therefore A « 95 per 'Cent in 
;'thi8 use of the data. 

■t' This "is, the KaO requirement "where other crops in the rotation are also being treated 
with potash .salts according to their resp,eetive requirements, 

respect to potash, the percentage yield increase which will be obtained as a result 
of applying adeq\iate amounts of potash, the yield increase in busiiels, !)asSed on 
the average yields in the recent pjist, and, when c is established for potash salts, 
the potash requirement. 

A tentative value for c for KCl has been worked out by the writc^r. The K/) 
requirements calculated by means of this value are iiiciuded in table il in order 
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to illustrate the use of soil testing as it can now be applied to each farm soil in 
the Corn Belt, subject to the limitations already mentioned. 

The first problem with respect to potash is — is it needed? The first steps in 
the solution of this problem are the correct sampling of the soil, its proper drying 
for a sufficiently long period and preparation for testing, and its testing by a 
method which measures the total exchangeable potassium. Next comes the 
interpretation of the test values in terns of the percentage sufficiency for the 
crop to be grown and the probable average increase in yield which can be expected, 
based on past yield performances. Following this, comes the estimation of the 
amount of K2O needed, its cost, and the probable value of the increased yields. 

Table 6 illustrates the use of this procedure. To apply the data in table 6 to 
a specific farm soil it is necessary to have the soil tested for exchangeable potas- 
sium and opposite this value in column 1, select, in column 3, the approximate 
average yield obtained on this field in the past. Column 5 gives the estimated 
average increase in yield for potash use in the future, and column 7 gives the 
cost of the added K2O. All that remains to be done is to decide whether or not 
the expected increase will be of sufficient value to make the use of potash worth 
while. 

This procedure represents the broadest use of the soil test value for exchange- 
able potassium and should be qualified insofar as possible by a knowledge of 
local conditions. It is a table to be used, not blindly, as has too often been the 
case with soil tests in the past, but with good judgment as to physical soil 
conditions, the probable deficiencies in other nutrients, and other factors influ- 
encing both yield and crop value, especially those not represented in field ex- 
periments on which this study was made. 

Potassium requirements of other crops 

Studies similar to the one reported in this paper have been made for mixed 
legumes, wheat, oats, and soybeans. 

These studies do not support the original conclusion of Mitscherlich that all 
crops have the same Ci value. The tentative values of ci for these crops are as 
follows : 0.0055 for mixed legumes, 0.012 for wheat in southern Illinois, 0.012 for 
oats, 0.0077 for soybeans. For the northern two thirds of Illinois, the values for 
Cl for 'wheat are lower than 0.012, but the response to potash is low in this region 
making for a less accurate calculation of ci. This may or may not be the 
principal reason for the variation. These ci values are in line with what is already 
known about the relative potash needs of these crops.^ 

Phosphorus requirement of crops 

Studies similar to that reported in this paper have been made, using the 
writer’s new soil test for phosphorus®. This test employs 0.03 N NH4F in 

® When the combined response to both P and K is calculated, a value of 0.0065 for corn for 
the soils in group 3, rather than 0.0055, appears to give the best agreement. 

® Bray, R. H. Rapid tests for measuring and diferentiating between the adsorbed and 
acid-soluble forms of phosphate in soils. 1942. 111. Agr. Exp. Sta. Agron. Dept. Pamphlet 
AG1028. [Mimeographed.] 
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0.1 N HCl as an extracting solution for soil phosphorus. The results of this 
investigation are not reported here, but it may be mentioned at this time that 
specific Cl values for phosphorus for corn, legumes, and wheat have been establish- 
ed, proving that this soil test is measuring in a practical way the forms of phos- 
phorus that are of most significance to plant growth (7). The deviations of 
the individual ci values from the average are, however, somewhat larger than 
with the potassium test. 

CONCLUSIONS 

The amount of exchangeable potassium in the surface soils of the Corn Belt 
is directly related to the ability of the soil to supply potassium to crops. This 
relationship can be expressed by the modified Mitscherlich equation as follows: 

Log (A - y) = Log A - ah 

where A == 3deld in bushels when K is not deficient, y = yield obtained when 
bi = amount of exchangeable K in surface soil and ci = proportionality constant. 

The above relationship holds with approximately the same value for a where 
many physical and chemical soil properties vary within a rather wide range and 
where the ultimate yields under full treatment also vary considerably. 

The soil test for exchangeable potassium described in this paper measures the 
total exchangeable potassium with the accuracy necessary to establish the 
above relationship 

Through the medium of soil testing the above relationship can be applied in 
a practical way to each farm field for the solution of the following problems: 

(a) Is potash needed? 

(b) What is the approximate magnitude of the deficiency and the percentage yield being 
obtained without added potash? 

(c) Approximately how much will crop yields be increased by the use of adequate 
amounts of potash? 

(d) What is the approximate potash requirement? 

The values of ci obtained for corn, legumes, soybeans, and wheat do not 
confirm Mitscherlich^s original idea of a constant c value for all crops. 

The more exact application of the results of this study to the solution of 
practical problems should, for the present, be limited to the soil conditions 
represented in the present investigation. These conditions apply to the great 
majority of the soils in the Corn Belt. 
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In stony soils, sampling with metal cylinders is commonly impractical if not 
impossible. When the cutting edge of a cylinder being driven into the soil 
encounters rocks about 5 or more cm. in diameter the cylinder is usually damaged 
and the sample has to be discarded. Even if the rock is only about 1.5 to 2.5 
cm. in diameter the cyhnder is likely to be damaged and the rock is either pushed 
outward, leaving a void in the sample, or pushed inward, compressing the sample. 
Consideration of these difficulties, which are frequently met in forest soils, led 
the writer to seek a technique by which pore volume, air capacity, field capacity, 
and volume weight could be measured without the use of metal cylinders. A 
procedure has been developed which meets this objective. 

On analysis of the problem, it became clear that the two principal requirements 
to be met were: first, a method for determining the volume which the soil sample 
occupied in the field, that is, the volume of the soil in place; and second, a method 
for determining the absolute volume of soil material in large samples. 

It has been found that the first of the foregoing requirements can be met by 
measuring the volume of a plaster of paris cast of the pit or cavity from which 
the sample was collected. Several other techniques for measuring the volume 
of soil pits are described in the literature. These include filling the pit with a 
measured volume of sand (3) or highly viscous fluid (1) and insertion of a thin- 
walled rubber bag which is filled with a measured volume of water (4). It is 
also possible that, following chemical treatment to render the walls impermeable, 
the volume of the pit can be determined by filling with water directly. Perhaps 
some of these methods will prove equally accurate and less time-consuming than 
the plaster of paris cast technique. 

The second requirement is satisfied by measuring the volume of soil material 
of the entire sample in a large pycnometer, following evacuation, as described 
in an earlier paper by the writer (5). 

It is essential that the soil be at its field capacity when sampled. This moisture 
content has been defined by Veihmeyer and Hendrickson (7) as . .the amount 
of water held in the soil after excess gravitational water has drained away and 
after the rate of downward movement of water has materially decreased . ...” 
These authors concluded that . .there is a rather definite soil-moisture content 
which if measured within 2 or 3 days after a rain or an irrigation may be assumed 
to be the field capacity, if there are ho discontinuities in structure or texture 
present and in the absence of a water table.” This view that the field capacity 
represents a rather definite soil-moisture content is confirmed by the fact that 
various workers have found a relationship between field capacity and moisture 
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equivalent (2, 6, 7). The length of time required for soil water to attain the 
energy level referred to as the ‘Afield capacity’’ varies in different soils. The 
period allowed for drainage is usually 1 to 5 days; coarse-textured soils drain to 
their field capacity more quickly than do fine-textured soils. For practical 
purposes it may be assumed that a soil has reached its field capacity when samples 
taken 8 to 12 hours apart, following a prolonged rain or irrigation, show essential- 
ly the same moisture content. 

It is recognized that a soil moisture content somewhat above or below field 
capacity at the time of sampling will cause errors in the results for both field 
capacity and air capacity. Values for volume weight, pore volume, and specific 
gravity, however, will not be affected. The advantages of sampling soils at 
field capacity are believed to outweigh the disadvantages. In fine-textured 
soils where substantial changes in volume accompany changes in moisture con- 
tent, one obtains more satisfactory values for volume weight if the soils are 
allowed to expand in the field prior to sampling. Of even greater importance 
is the fact that field capacity is di, field value, representing the moisture held by a 
soil when allowed to drain under natural conditions. This is of particular 
significance to the plant ecologist. 

FIELD PEOCEDUKE 

Points where sampling is to be carried on are established at random. As 
the soil must be at its field capacity when sampled, it is necessary either to await 
natural occurrence of this condition or to bring the soil to its field capacity by 
irrigation. In the latter case the spots where samples are to be takfen may be 
covered with a layer of moist organic debris (leaves or needles) or other material 
to prevent excessive evaporation from the mineral soil surface. It also seems to 
be good practice to sever the tree roots entering the spot so that removal of 
moisture by transpiration is avoided. This may be accomplished with a sharp 
spade without any disturbance of the soil at the center of the spot where the 
samples are to be taken. The area of the square or circular plot thus treated 
may be about 8 to 10 square feet. With the soil at field capacity the actual 
sampling is undertaken. The detailed procedure follows: 

The top of the soil horizon to be investigated is exposed, and a loose sample 
is removed with a knife, small trowel, or large spoon, leaving a pit. Immediately 
after removal, the soil sample is weighed in the field or placed in an air-tight 
container, which is returned to the laboratory for weighing. The object is to 
establish the weight of the sample at its field capacity. In removing the sample 
the bottom and side walls of the pit should be as little disturbed as possible. 
Roots should be cut off, not pulled out. Stones in the side walls or bottom are 
included in the sample if more than half their volume falls inside the pit bound- 
aries, otherwise they are excluded from the sample, being left in place. Al- 
though dimensions of the pit -will vary in accordance with the thickness of the 
horizon being investigated, a volume of about 1,000 to 2,000 cc, is recommended. 
Square or cylindrical pits are most convenient, but shape is not an important 
consideration; side walls should be maintained as nearly vertical as is convenient. 
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The natural tendency to make the pit wider at the top than at the bottom should 
be avoided. 

Plaster of paris is then mixed with water and poured into the pit in order to 
obtain a cast. For good results the plaster of paris should flow readily; with 
experience the proper consistency is easily recognized. After J to 1 hour is 
allowed for setting, the cast is excavated and wrapped in newspapers for transport 
to the laboratory. Final cleaning of soil from the surfaces is best accomplished 
in the laboratory after the casts have dried for one or more days. 

The loose soil sample (after its weight at field capacity has been obtained) 
and the cast may be stored until the end of the field season, or the determinations 
may be made at once. 

LABORATORY PROCEDURE 

The volume of the cast, and consequently the volume of the soil in place, may 
be determined by one of two methods. The first necessitates thorough drjdng 
of the cast, after which it is weighed and coated with paraffin. Reweighing 
after coating permits calculation of the weight of paraflBn added. The volume 
of the paraffin-coated cast is then determined in a large pycnometer. After 
allowance is made for the volume of paraffin added, the volume of the cast can be 
computed. A difficulty frequently encountered in this technique is that of ob- 
taining a perfect coating of paraffin over the cast. The second method, which is 
the one favored by the writer, eliminates the need for coating the cast. The 
cast is permitted to stand in water for about 12 hours, after which it is evacuated 
for about an hour in a vacuum equal to 15 inches of mercury. It is then weighed 
in air and in water; with these data the volume is readily calculated. 

The entire soil sample is oven-dried and the weight established. Field capaC'^ 
ity in percentage of volume is obtained as follows: 

Weight of sample at field capacity, gm. 

— weight of sample, oven-dry, gm. ^ 

Volume of cast, cc. 

Volume weight is equivalent to: 

Weight of sample, oven-dry, gm . 

Volume of cast, cc. 

The entire soil sample is allowed, to soak in water, with occasional stirring, 
for 24 to 48 hours. It is then transferred to a desiccator 8 inches in diameter 
with a tubulated cover and subjected to a vacuum equal to 15 inches of mercury 
for 2 to 3 hours with occasional shaking. The volume of the sample is then 
determined in a large pycnometer, as described in an earlier paper by the writer 
(5). 

Pore volume (percentage) is computed as follows: 

Volume of soil in place, cc. 

— volume of water displaced by entire soil sample, cc. ^ 

Volume of soil in place, cc. 
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Air capacity (percentage) is equivalent to: 

Pore volume, cc. moisture content of soil at field capacity, gm. ^ ^OO 
Volume of soil in place, cc. 

Specific gravity of the soil material is equivalent to: 

Oven-dry weight of soil, gm, 

Volume of water displaced by entire soil sample, cc. 

COMPARISON OP RESULTS OBTAINED WITH AND WITHOUT USB OP METAL CYLINDERS 

Two sets of comparisons of values obtained with and without use of metal 
cylinders are presented. The first concerns values for cylinder samples investi- 
gated according to the procedure referred to as ‘^schedule A’’ and values obtained 
by the pit method. The second concerns values for cylinder samples examined 
according to the procedure referred to as ‘^schedule B’’ and values obtained by the 
pit method. 

The principal difference between schedule A and schedule B is the method em- 
ployed in removing air from the soil sample. In schedule A air is removed by 
placing the cylinder sample in a tank and then gradually raising the water 
level to the top of the cylinder, where it is allowed to stand for 24 to 48 hours. 
Complete removal of air by this technique is impossible. In schedule B removal 
of air is accomplished by subjecting the soil sample to a vacuum equal to 15 
inches of mercury for 2 to 3 hours. Details of these procedures are given in an 
earlier paper by the author (5). 

Cylinder method {schedule A) vs, pit method 

Volume weight. Volume weight values by the two methods should be in agree- 
ment, provided the volume of the soil in place has been accurately determined 
from the plaster of paris cast. 

In table 1 are presented volume weight values for Merrimac sandy loam ob- 
tained from twelve stations in the Yale forest near Keene, New Hampshire. 
The samples represent the A horizon and were taken from the upper 10 cm. of 
mineral soil. Volume weight determined by the pit method averaged 0.005 
d- 0.026 lower than by the cylinder method; this difference is not statistically 
significant. In another comparison involving Merrimac sand obtained from 
nine stations near New Haven, Connecticut, volume weight by the pit method 
averaged 0.023 ± 0.015 lower than by the cylinder method. In this case, too, 
the difference is not significant. Berlin clay loam obtained in the Eli Whitney 
forest, near New Haven, was used in a further comparison of the two methods. 
This soil was less uniform than Merrimac sandy loam and Merrimac sand. 
Pwelve independent samples were exarained by each method. Volume weight 
by the pit method averaged 0.838 rfc 0.010 and by the cylinder method 0.863 
± 0.011; the difference of 0.025 is not significant. These values indicate that 
measurement of volume weight by either of the methods is satisfactory. Fur- 
thermore, they indicate that the volume of the soil in place was measured with 
an acceptable degree of accuracy in the pit method. 
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Field capacity. Field capacity values by the two methods should agree (again 
provided that the volume of the soil in place has been accurately determined). 
This is actually the case as shown by the data in table 2. The soil employed was 
that mentioned in connection with table 1. Field capacity by the pit method 
averaged 0.1 db 0.88 per cent higher than by the cylinder method. This dif- 
ference is not significant. In another comparison the field capacity of Berlin 
clay loam averaged 45.2 =h 1.11 per cent by the pit method and 42.8 dz 1.48 per 
cent by the cylinder method. The difference of 2.4 per cent is not significant. 

TABLE 1 


Values for volume weight of Merrimac sandy loam obtained by the cylinder method {schedule A) 

and by the pit method 


STATION 

VOLUME WEIGHT 
BY CYLINDEE 
METHOD 

(schedule a) 

VOLUME WEIGHT 
BY THE PIT 
METHOD 

STATION 

VOLUME WEIGHT 
BY CYLINDER 
METHOD 

(schedule a) 

VOLUME WEIGHT 

1 BY THE PIT 

METHOD 

1 

1.033 

0.957 

7 

0.921 

0.918 

2 

0.958 

0,875 

8 

0.885 

0.824 

3 

0.966 

0.850 

9 

0.815 

0.992 

4 

0.769 

0.873 

10 

0.906 

0.997 

5 

1.096 

1.018 

11 

0.878 

0.820 

6 

0.897 

0.927 

12 

0.868 

0.886 


TABLE 2 

Values for field capacity of Merrimac sandy loam obtained by the cylinder method {schedule A) 

and by the pit method 


STATION 

EIELD CAPACITY BY 
CYLlNDER,METHOD 
(schedule a) 

PIELD CAPACITY 
BY PIT METHOD 

STATION 

YIELD CAPAQTY BY 
CYLINDER METHOD 

(schedule a) 

FIELD CAPACITY BY 
PIT METHOD 


^er cent volume 

per cent volume 


per cent volume 

per cent volume 

1 

20.8 

24.0 

7 

22.0 

21.4 

■■ ' 2. 

25.6 

25.0 

8 

21.4 

26.0 

3 

20.3 

22.2 

9 

25.1 

20.9 

4 

33.2 

28.5 

10 

20.4 

23.3 

5 

16.9 

20.0 

11 

20.4 1 

17.9 

6 

25.9 

25.6 

12 

22.0 

20.3 


Pore volume. Agreement in pore volume values determined by the two 
methods can be expected only if certain conditions are met. First, the volume 
of the soil in place must be accurately measured in the pit method. As already 
indicated, satisfactory accuracy in this respect is evidently attained by use of 
plaster of paris casts. A second condition necessary for agreement is accuracy 
in measurement of the volume of the soil material. As indicated in an earlier 
paper (5) it is known that the procedure in schedule A fails to accomplish com- 
plete replacement of air in the soil sample, with the result that the observed vol- 
ume of the soil material is too large. This causes the pore volume values obtained 
by the procedure m schedule A to be somewhat lower than true values. 
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The data in table 3 indicate that pore volume values for Merrimac sandy loam 
determined by the pit method average 3.3 db 1.0 per cent higher than values by 
the cylinder method. This difference is significant. Pore volume of Berlin clay 
loam by the pit method averaged 66.2 ± 0.40 per cent and by the cylinder method 
63.5 ± 0.56 per cent. The difference of 2.7 per cent is significant. 

Air capacity. In both methods air capacity values are based on the difference 
between pore volume and field capacity. Consequently, errors in either will 
result in errors in air capacity. It has been shown that values for field capacity 
by the two methods are not significantly different, but the cylinder method 

TABLE 3 


Values for pore volume of Merrimac sandy loam obtained by the cylinder method (schedule A) 

and by the pit method 


STATION 

PORE VOLUME BY 
CYLINDER METHOD 
(SCHEDULE a) 

PORE VOLUME 

BY PIT METHOD 

STATION 

PORE VOLUME BY 
CYLINDER METHOD 

(schedule a) 

PORE VOLUME 

BY PIT METHOD 


per cent 

per cent 


per cent 

per cent 

1 

56.4 

61.6 

7 

61.4 

66.8 

2 

60.2 

65.4 

8 

60.6 

67.5 

3 

69.5 

65.8 

9 

64.8 

60.3 

4 

66,9 

65.5 

10 

59.4 

61.1 

5 

52.2 

60.0 

11 

62.7 

67.0 

6 

61.4 j 

63.5 

12 

63.8 

64.6 


TABLE 4 


Values for air capacity of Merrimac sandy loam obtained by the cylinder method (schedule A) 

and by the pit method 


1 

STATION 

AIR CAPACITY BY 
CYLINDER METHOD 
(SCHEDULE a) 

AIR CAPACITY 

BY PIT METHOD 

STATION 

AIR CAPACITY BY 
CYLINDER METHOD 

(schedule a) 

AIR CAPACITY BY 
PIT METHOD 


per cent 

per cent 


per cent 

per cent 

1 

35.6 

37,6 

7 

39.4 

35.3 

2 

34.6 

40.4 

8 

39.2 

41.5 

3 

39.2 

43.6 

9 

39.7 

! 39.4 

4 

33.7 

37.0 

10 

39.0 

1 37.8 

5 

35.3 

40.0 

11 

42.3 

1 49.1 

6 

35.5 

37.9 

12 

1 41.8 

44.3 


(schedule A) leads to low values for pore volume. In view of this, one would 
expect air capacity values by the cylinder method to be too low. This is 
confirmed by the data in table 4, Analysis of these data indicates that air 
capacity by the pit method averages 2.4 zb 0.89 per cent higher than by the cylin- 
der method. This difference is significant. Air capacity of Berlin clay loam 
by the pit method averaged 0.7 per cent higher than by the cylinder method, but 
this difference is not significant. 

Specific gravity. Specific gravity by both methods should agree if the absolute 
volume of the soil material is accurately determined. As pointed out in the 
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discussion of pore volume, however, the cylinder method results in values that 
are too high. This in turn causes the specific gravity values to be too low. 
Values in table 6 bear out this view. Specific gravity determined by the pit 
method averaged 0.20 it 0.04 higher than by the cylinder method. This dif- 
ference is significant. In Berlin clay loam, specific gravity by the pit method 
averaged 0.14 higher than by the cylinder method. The difference is signif- 
icant. 


TABLE 5 


Values for specific gravity of Merrimac sandy loam obtained by the cylinder method {schedule 

A) and by the pit method 


STATION 

SPECIFIC GRAVITY 
BY CYLINDER 
METHOD 

(schedule a) 

specific gravity 

BY PIT METHOD 

STATION 

specific gravity 

BY CYLINDER 
METHOD 

(schedule a) 

SPECIFIC GRAVITY 
BY PIT METHOD 

1 

2.37 

2.49 

7 

2.39 

2.76 

2 

2.41 

2.53 

8 

2.25 

2.54 

3 

2.38 

2.48 

9 

2.32 

2.50 

4 

2.32 

2.53 

10 

2.23 

2.56 

5 

2.29 

2.54 

11 

2.35 

2.48 

6 

2.32 1 

2.54 

12 

2.40 

2.60 


TABLE 6 


Values for pore volume of Merrimac sand obtained by the cylinder method {schedule B) and by 

the pit method 


STATION 

PORE VOLUME BY 
CYLINDER METHOD 
(SCHEDULE b) 

PORE VOLUME 

BY PIT METHOD 

STATION 

j 

PORE VOLUME BY 
CYLINDER METHOD 
(SCHEDULE b) 

PORE VOLUME 

BY PIT METHOD 


per cent 

per cent 


per cent 

per cent 

3A 

47.6 

46.5 

IAN 

59.5 

59.9 

4A 

47.3 

49.7 

2AN j 

61.0 

60.4 

5A 

45.6 

46.3 

3AN 

57.0 

60.5 

7A 

46.9 

49.4 

4AN j 

56.9 

56.7 

lOA 

46.6 

46.4 





Cylinder method (schedule B) vs, pit method 

The treatment used to remove air from the samples was the same in both of 
these methods, namely, evacuation at room temperature for 2 to 3 hours with 
occasional shaking. The vacuum used was equal to 15 inches of mercury. 

Volume weight bbA field capacity values by the cylinder method are the same 
in schedules A and B. 

Pore volume, A comparison of the values in table 6 shows that in Merrimac 
sand, pore volume by the pit method averages 0.8 ± 0.53 per cent higher than 
by the cylinder method. This difference is not significant. In Berlin clay loam, 
pore volume by the pit method averaged 66.2 ± 0.40 per cent and by the cylinder 
method 66.8 ± 0.48 per cent. The difference of 0.6 per cent is not significaht. 
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Air capacity. With similar values for ifield capacity and pore volume by the 
two methods, it follows that values for air capacity -will also be similar. In 
neither Merrimac sand nor Berlin clay loam were air capacity values by the pit 
method significantly different from those obtained by the cylinder method. 

Specific gravity. Analysis of the data in table 7 shows that specific gravity 
values by the cylinder method average 0.02 zt 0.01 higher than by the pit 
method. This difference is not significant. The specific gravity of Berlin clay 
loam averaged 2.57 zt 0.01 by the cylinder method and 2.50 d= 0.02 by the pit 
method. In this case the difference of 0.07 is significant. No explanation for 
this difference is apparent. 

TABLE 7 


Values for specific gravity of Merrimac sand obtained by the cylinder method (schedule B) and 

by the pit method 


STATION 

SPECIFIC GRAVITY ' 
BY CYLINDER 
METHOD 

(schedule b) 

SPECIFIC GRAVITY 
BY PIT METHOD 

STATION 

SPECIFIC GRAVITY i 
BY CYLINDER 1 
METHOD 

(schedule b) 

SPECIFIC GRAVITY 
BY PIT METHOD 

3A 

2,61 

2.61 

IAN 

2.51 

2.49 

4A 

2.61 

2.59 

2AN 

2.55 

2.50 

5A 

2,58 

2.62 

SAN 

2.55 

2.51 

7A 

2.64 

2.63 

4AN 

2.62 

2.54 

lOA 

; 2.61 

2.62 





SUMMAKY 

The data presented indicate that volume weight, pore volume, field capacity, 
air capacity, and specific gravity can be measured by the pit method, employing 
loose samples of soil, with essentially the same results as are obtained by the 
cylinder method (schedule B), employing samples of soil in place. Consequently, 
the pit method provides a means for investigating these physical properties in 
soils which, because of the presence of rocks, cannot be sampled by cylinders. 
For work in soils relatively free from rocks the cylinder method is more con- 
venient. 

Values for pore volume, air capacity, and specific gravity by the pit method 
differ from values for these properties obtained by the cylinder method (schedule 
A). The differences noted are essentially the same as those observed when 
values obtained by the two cylinder method schedules are compared. That is, 
the cylinder method (schedule A) results in low values for pore volume, air 
capacity, and specific gravity. This is explained by the fact that the volume of 
the soil material is less accurately determined in schedule A than in schedule B 
and the pit method. The two cylinder method schedules and the pit method all 
lead to the same results for volume weight and field capacity. 
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Annual Review of Biochemistry. Edited by James Murray Luck and James 
H. C. Smith. Annual Reviews, Inc., Stanford University, California, 1944. 
Pp. 795. Price, S5. 

The successive volumes of this annual review of the developments in the field 
of biochemistry are written by specialists in the respective fields covered. One 
looks forward to each new volume with anticipation of finding something of 
particular interest to him, and it is always there. For those concerned primarily 
with soil-plant relationships, this year’s volume contains two papers of para- 
mount importance: ‘The nutritional deficiencies of farm mammals on natural 
feeds,” by C. F. Huffman and C. W. Duncan, and “Mineral nutrition of plants,” 
by F. J. Richards. The other 24 entries cover a wide variety of subjects of 
more general interest to the readers of this Journal. They deal with oxidations 
and reductions, en 2 ymes, the chemistry of carbohydrates, lipids, proteins, 
amino acids, phosphorus, and hormones; the metabolism of phosphorus, carbo- 
hydrates, fats, proteins, and minerals; the biochemistry of nucleic acids, purines, 
pyrimidines, malignant tissue, and fungi; and such miscellaneous subjects as 
steroids, vitamins, alkaloids, S3mthetic drugs, photoperiodism, chloroplast pig- 
ments, growth-regulating substances, and histochemistry. The publications of 
some 4500 authors are covered by the current volume. Every person interested 
in the nutrition of plants and animals and in the chemistry of the compounds 
they contain will need this volume for ready reference. 

A Laboratory Manual of Physiological Chemistry. Fifth edition. By D. Wright 
Wilson. The Williams & Wilkins Company, Baltimore, 1944. Pp. 269. 
Price, $2.50. 

This manual is divided into two parts, the first dealing with inorganic constit- 
uents, standard acid and alkali, electrolytic dissociation, colloids, alcohols, 
aldehydes, esters, proteins, and fats, and the second with saliva, gastric juice, 
pancreatic juice, milk, blood, bone, muscle, cell nucleus, bile, urine, and dietary 
deficiencies. Tables of logarithms and atomic weights are appended. Half of 
the pages are blank for note-recordmg purposes. The manual is intended for 
teaching rather than for reference purposes, but some references are given. Al- 
though designed primarily for use in animal physiology, many of the methods 
would be found useful in plant physiology and chemistry as well. 

Practical Farming for the South. By Benjamin F. Bullock. The University 
of North Carolina Press, Chapel Hill, 1944. Pp. 510, figs. 199. Price, $2.50. 
Written primarily for those south of Mason and Dixon’s line, this book is 
nevertheless equally if not more interesting to those living farther north. The 
fundamentals of farming are much the same, no matter in which area one lives, 
but the agriculture of the South is built around a very different climate and 
set of crops. The book is divided into three parts: plant production, animal 
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production, and farm financmg and literature. Its primary purpose is to give 
specific instructions on what to do and how to do it, and the illustrations are 
nicely designed to amplify the instructions. From reading the book, one gets 
the impression that the author has his feet firmly planted in the soil and that 
he is intrigued by the opportunities not only for making a living but for living 
well in the South. 

Practical Methods in Biochemistry, Fourth edition, revised. By Feeberick: C. 

Koch and Martin E. Hanke. The Williams & Wilkins Company, Balti- 
more, 1943. Pp. 353, figs. 20. Price, $2.25. 

This book assumes an understanding of general chemistry, physics, and 
biology. It deals with the chemistry of cell constituents, the chemistry of the 
digestive tract, and the chemistry of blood and urine. The last two chapters 
are concerned with colorimetric methods for vitamins and chemical tests for 
hormones. The appendix comprises 61 pages and contains a variety of useful 
information on laboratory procedures, colorimeters, and standard solutions and 
reagents. Students of any phase of biochemistry, whether plant or animal, will 
find this volume of interest and value. 


The Editors. 
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Few workers have investigated the extent to which laboratory permeability 
measurements on disturbed samples of arable soils are indicative of field percola- 
tion rates. In many cases permeability values obtained in the laboratory may 
not even approximate the field percolation rates. Nevertheless, much time and 
expense can be saved, especially in dealing with saline and alkali soils, by pre- 
liminary laboratory studies on the response of these soils to soil amendments and 
to waters of different chemical composition and concentration. Preliminary 
tests indicate that, regardless of the correlation between laboratory and field per- 
colation rates, the relative change in permeability obtained in the laboratory as a 
result of any given treatment is closely correlated with the relative change in per- 
colation rate obtained in the field as a result of a similar treatment. Further- 
more, recent work by the author and others indicates that, because of its extreme 
sensitivity, soil permeability as determined in the laboratory may be one of the 
best, if not the best, criterion of soil structure available. It was deemed ad- 
visable, therefore, to examine carefully the factors operative in the laboratory 
measurement in order to select an easily reproducible yet simple procedure, suit- 
able for running large numbers of samples simultaneously. Some of the results 
obtained, which may be of use to workers interested in the permeability of arable 
soils, are presented together with a brief discussion of some important factors in- 
volved in soil permeability determinations. No attempt has been made to pre- 
sent a complete or critical review of the subject. Tables of numerical values have 
been omitted for the sake of brevity. 

APPLICATION OF DARCY^S LAW TO SOIL PERMEABILITY MEASUREMENTS 

The movement of fluids through capillary tubes was first studied by Hagen 
(II) and by Poiseuille (15). They found that the rate of flow is proportional to 
the hydraulic gradient. Darcy (6), on the basis of investigations on the flow of 
water through filter-sands, verified this observation and suggested its application 
to problems of water movement through water-bearing materials. Darcy’s 
conclusion, now known as Darcy’s law, can be expressed in a very general formula: 

v=^Pcl> (1) 

in which ?; is the velocity of moving water; F is referred to variously as the perme- 
ability (the use in this paper), the Darcy coefficient of permeability, the co- 

1 Contribution from the U. S. Regional Salinity Laboratory, Bureau of Plant Industry, 
Soils, and Agricultural Engineering, Agricultural Research Administration, IT. S. Depart- 
ment of Agriculture, Riverside, California, in cooperation with the eleven western states 
and the Territory of Hawaii. 

2 Assistant soil scientist. 
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efficient of permeability, or the transmission constant; and ^ is the potential 
gradient (change in static hydraulic head per unit distance along the average 
flow line)* 

The permeability of a porous material may be defined, therefore, as the volume 
of fluid flowing through unit cross-sectional area per unit of time per unit po- 
tential gradient. For purposes of calculation the following formula is ordinarily 
used: 


TAh 


{2) 


in which P is the permeability, Q the volume of water, T the time, A the cross- 
sectional area, I the length under consideration, and h the loss in hydraulic head 
through length L P has the dimensions of velocity (LT~^) if I and h are expressed 
in the same unit. 

Permeability, in order to be a function only of the water-bearing material, 
should be defined also in terms of the acceleration due to gravity, g, and the 
density, d, of water. Changes in permeability caused by changes in g and d are 
extremely small, however, and it is not ordinarily necessary to correct for them, 
especially in dealing with soils. A correction for temperature, t, is often used in 
equation (2); this will be discussed more fully later. 

The following extremely useful equation^ is derived from equation (2): 


P = 


k 

Vi 


+ t + 

Th 


+ 


Jtn 

Vn 


iS) 


where P is the average over-all permeability of a column of porous material of 
length L, and p is the permeability and I the length of each of the components of 
the column. By means of equation (8) the effect of stratification on permeabil- 
ity can be accurately evaluated by solving for over-all column permeability, 
having the permeabilities and the lengths of the components of the column. 

Invariably, there is some loss in hydraulic head due to the passage of water 
through the soil-retaining screens (sand, filter paper, wdre gauze, ceramic discs, 
etc.) which are used to hold the soil in the permeameter. It is usually desirable 
to evaluate this loss in order to arrive at the true permeability value for the soil. 
This can be done in two ways: first, the permeabilities of soil plus retaining 
screen and of retaining screen alone can be determined separately, and the values 
obtained substituted in equation (8); and second, the permeability can be cal- 
culated from the flowrate per unit area and pressure readings taken with manom- 
eter tubes inserted into the soil sample through the walls of the container. The 
insertion of several manometers makes this method especially valuable for 
studying (a) homogeneity of packing (or of structure in the case of cores), (b) 

3 This equation was derived by J. E. Christiansen and the author in 1943. A similar 
equation was given later by Terzaghi (21). 
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development and location of zones of maximum and mininium permeability, 
(c) effects of soil-retaining screens, (d) surface sealing and outlet effects, (e) the 
localized and general effects on permeability of fertilizer or salt applications, and 
(/) elimination of air. 

There has been some difference of opinion as to whether Darcy’s law applies to 
the movement of water through porous materials at all hydraulic gradients, 
particularly at very high and very low gradients. It was first shown by Rey- 
nolds (16), and subsequently by others, that velocity varies directly as the loss in 
hydraulic head as long as flow is laminar (streamlined), and also that laminar 
flow changes to turbulent flow at much higher velocities than are ordinarily en- 
countered in soils. With regard to low gradients, recent tests (22) ''show rather 
conclusively that . . . the rate of flow varies directly as the hydraulic gradient, 
doivn to a gradient of 2 or 3 inches to the mile, and that there are indications that 
Darcy’s law holds for indefinitely low gradients.” 

Darcy’s law applies to the movement of moisture through both saturated and 
unsaturated materials. Determination of the hydraulic gradient through un- 
saturated materials is extremely difficult, however, and has been attempted in a 
few cases only (14, 17). 

A vast amount of research has been done on the horizontal movement of ground 
water. Hydrologists have developed methods for determining the hydraulic 
gradient, but the flow rate and the cross-sectional area of the water-bearing ma- 
terials have been difficult to ascertain. Much work has been done on infiltration 
into undistrubed soil; in these studies, for the most part, no attempt was made to 
determine the hydraulic gradient, hence soil permeability could not be calculated. 

The percolation of water through soil samples artificially packed in the labora- 
tory has been studied by many investigators. King (13), Slichter (19), Greene 
and Ampt (9), and others have attempted to formulate general equations for the 
determination of permeability based upon sand grain size, type and arrangement 
of particles, effective specific surface, soil porosity, etc., but these equations have 
been useful only in special cases. Several workers (1, 7, 20) have shown that 
certain pore-size distribution measurements correlate well with short-time perco- 
lation tests. Pore-size distribution measurements, however, are no more easily 
made than are direct permeability measurements, and application of the results to 
practical agricultural problems is more difficult, especially in dealing with highly 
dispersed or water-unstable soils. Harris (12), Bodman (2, 3), and others have 
indicated the effects of some salt solutions, time, texture, volume weight, etc., 
upon the rate of movement of water through soils. Slater and Byers (18), 
among others, have obtained, good agreement in most cases between natural cores 
and artificially packed tubes of the same soil. 

METHODS FOR DETERMINING PERMEABILITY IN THE LABORATORY 

Indirect 

Permeability is determined indirectly by analyses of the size, shape, and ar- 
rangement of the soil particles, or by some related property such as "pore-size 
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distribution’’ or ‘‘noncapillary porosity.” These methods have not been of 
particular value except in special cases such as evaluation of probable permeabil- 
ity to air. They are not, as yet, sufficiently accurate for general use, nor do they 
usually involve a saving in effort or expense. Engineers have found the Ter- 
zaghi consolidation test of considerable value in calculating the permeability of 
foundation materials. The method is not applicable, however, to arable soils. 

Direct 


Permeability (P) is calculated directly from the rate of movement of water 
through soils according to equation (^) when the hydraulic head is kept constant, 
and according to the following integrated form of equation {2) when the hydraulic 
head is allowed to vary : 


P = 


al 

If 


1 Jh 


«) 


in which a is the cross-sectional area of the water reservoir; I, A, and T are the 
same as in equation (2 ) ; and hi and A 2 are the hydraulic heads at the start and end 
of the time interval T, respectively. 

The variable-head permeameter was developed for use with materials of very 
low permeability and has definite advantages over the constant-head methods for 
these materials. These advantages are ease of control of head, and insignificance 
of effect of evaporation on results. This method has several disadvantages, 
however, which make its use inadvisable for permeability measurements on most 
arable soils. These disadvantages are: amount of equipment necessary to run 
large numbers of samples simultaneously; possible effect on the soil of periodical 
refilling of the reservoir; and effect of air entrapped in the soil on the calculated 
permeability. This last point is discussed fully in another paper from this 
laboratory (5). 

In the constant-head permeameter the water level in the supply reservoir re- 
mains constant and the water that passes through the soil is measured or weighed. 
This method has the following advantages: the soil is not disturbed during the 
entire run; the effluent is quickly and accurately measured; the reservoir re- 
quires a minimum of attention; and, most important, easily available and in- 
expensive equipment can be utilized. This method has at least two disadvan- 
tages: maintenance of a constant head is often troublesome; and a constant head 
is seldom encountered under natural conditions. 

THE SOIL PERMEAMETER 

Shape, length, and diameter 

The soil-containing section of the permeameter should be cylindrical and of 
uniform cross-sectional area to prevent restriction of flow. No significant differ- 
ence in soil permeability was found upon varying the permeameter length from 1 
to 34 inches, or the diameter from 1 to 6 inches. Nonuniformities in packing and 
particle size distribution are diminished, however, by increases in permeameter 
diameter and length. 



SOIL PERMEABILITY MEASUREMENTS 


341 


Water outlet 

For the reasons given below, water is passed downward through the soil 
samples. A ^^drip-pomt” water outlet is not so satisfactory as an overflow outlet 
principally because of the difSculty in ascertaining the exact point of zero hy- 
draulic head. For convenience, the drip-point outlet is used when small differ- 
ences in permeability are not important. 

Soil-retaining screen 

The soil must be held on a screen which is much more permeable than the ma- 
terial to be tested and it must be held in such a manner that water movement is 
relatively unimpeded and soil sloughing is prevented. Sand, cotton, glass wool, 
filter paper, perforated metal disks, wire gauze, asbestos, and thin fiber-glass 
screens have been used for this purpose. Used singly, none was found to be en- 
tirely satisfactory. Perforated brass disks covered with a thin layer of coarse 
asbestos, sand supported by a thin fiber-glass screen, and lathing screen covered 
by one thickness of ^flast’^ filter paper have been quite satisfactory. The first 
two are preferable for indefinitely long tests; the third is preferable for short tests 
because of uniformity and ease of preparation. 

Head controls 

Here are three principal types of constant water-level controls: overflow 
system, Mariotte or inverted flask, and float valves. The overflow system re- 
quires a minimum of equipment and attention, but it also requires a large, easily 
available water supply. The Mariotte flask does not require excess water, but 
unintentional disturbance of the soil is ahnost unavoidable, and difficulties are 
encountered in recharging the reservoir. An inexpensive and highly accurate 
float valve devised by the author (see figure 1) has proved very satisfactory for 
head control, especially when large numbers of samples are run simultaneously. 
The fluctuation of the water level is automatically controlled within less than 
0.5 mm., and the head can be adjusted to any height. The float valve consists of 
an electric light bulb firmly attached to a valve core screwed down into an auto- 
mobile or bicycle inner-tube valve stem. (The valve core must have most of its 
coiled spring removed.) The valve stem is held firmly upright in a small de- 
livery reservoir by means of a one-holed rubber stopper set in an opening in. the 
bottom of the reservoir. The low^er end of the valve stem is connected to a large 
water reservoir by a convenient siphon arrangement. The water level in the 
small reservoir can be adjusted by slipping the valve stem up or down in the 
rubber stopper; water is delivered through one or more side arms located below 
the water line. In this manner one float valve has served as many as 24 soil 
permeameters simultaneously; for convenience, the permeameters are usually 
connected in series. 

Hydraulic gradient 

According to Darcy ^s law, permeability is independent of the hydraulic gra- 
dient. Tests by the author in which the gradient was varied from 0.1 to about 
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20 failed to disclose any significant variation in permeability. Christiansen’s 
work (5) indicates that as long as entrapped air is present, changes in gradient 
bring about variations in pressure within the soil column and so affect soil per- 
meability calculations slightly. 

PLUinS USED IN PERMEABILITY MEASUREMENTS 

The permeability of a porous medium is, presumably, a constant determined 
only by its structure and independent of the nature of the fluid passing through 
it. For this reason gases, nonpolar liquids, and water have been used, and several 



investigators (9, 13) have shown that for certain media the same permeability 
value is obtained regardless of the fluid employed. It has been demonstrated by 
Greene and Ampt (9) and others, however, that the presence of hydrophilic 
colloids precludes the use of anything but water in measuring the permeability 
of soils to water. 

EFFECT OF VISCOSITY AND TEMPERATURE 

Since water is almost always the fluid of interest in soil permeability, its 
viscosity, except for variations due to temperature and electrolyte content, 
usually contained in the coefficient of permeability. Variations in viscosity due 
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to dissolved solids can ordinarily be neglected, since increasing the electrolyte 
content of water from 0 to 5,000 p.p.m. results in an increase in viscosity of less 
than 1 per cent. The viscosity of water decreases approximately 2| per cent per 
degree Centigrade rise in temperature. Hydrologists have long corrected 
permeability values to standard temperatures, and have been justified in so doing 
when dealing with noncolloidal materials. Work by Griffiths (10) and un- 
published data b:f the author and others, however, indicate that in soils a given 
change in temperature usually does not result in an equivalent change in flow 
rate. That is, the relationship between flow of water through soils and viscosity 
is not a direct one, presumably because of soil-water reactions which are affected 
by temperature changes. Reference of permeability values to a standard 
temperature should not be made, therefore, in dealing with soils; however, ap- 
plication of viscosity corrections when the temperature fluctuates widely usually 
results in more uniform permeability values. Viscosity corrections were applied 
in these studies only when the temperature fluctuation during a given test ex- 
ceeded 2°C. 


DIRECTION OP PLOW AND ENTRAPPED AIR 

Most investigators are of the opinion that the water must flow upward in order 
to avoid the entrapment of air in the soil pores, and their permeameters are de- 
signed accordingly. Retention of a soil sample in an upward-flow permeameter 
is difficult and complicated, however, especially when high hydraulic gradients 
are employed, since the sample must be confined, usually by a spring arrange- 
ment, to prevent it from “floating.’’ This requires relatively complicated and 
expensive equipment and procedures not ordinarily available. The relative 
merits of upward and downw’ard flow were, therefore, carefully investigated. 
Briefly, it was found that no more air was trapped in the soil pores by downward 
flow than by upward flow, and the permeability values obtained by the use of 
both types of flow were different in the early stages of flow, but later were in ex- 
cellent agreement (see figure 4). As a result, downward flow is employed almost 
exclusively at this laboratory, and with excellent results. Christiansen (5) has 
reported in detail on the effects of entrapped air on soil permeability measure- 
ments. 

TEXTURE, VOLUME WEIGHT, AND WATER CONTENT DURING PACKING 

The exact relationship between soil permeability and porosity or the factors 
which affect porosity may not be clarified for some time. In general, permeabil- 
ity decreases with increases in clay or silt content. The relationship between 
soil permeability and porosity is complicated, however, by differences in the dis- 
persion of the fine soil particles, and by the properties of the suspended clay par- 
ticles, which are affected by the electrolyte content of the water surrounding 
them, the nature of their replaceable cations, and their mineralogical composition. 
Bodman (2) has shown that the initial volume-weight increases are extremely 
important and that textural differences have very little significance at very high 
volume weights for soils finer than fine sandy loams. As Gary (4) have 
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pointed out: ‘'that the wide range or narrow range of void sizes may be im- 
parted to the soil at will, with absolutely no variation in density being necessary, 
is proved by the extreme range in permeability among groups of samples com- 
pacted at very nearly identical densities but at different moisture contents/’ 

It is evident that the method of packing and the moisture content of the soil 
when packed must be selected arbitrarily. For convenience and reproducibility, 
soils should be screened and packed air-dry as indicated elsewhere in this paper. 

EFFECT OF SIEVE SIZE ON PEBMEABILITY 

In the preparation of soils for laboratory examination, air-drying and sieving 
are usually necessar}?", and the 2-mm. sieve is most often used. Permeability 
measurements indicated, however, that the 2-mm. sieve might not be satisfactory 
for all soils. The stability of soil aggregates in water, a property dependent to a 
considerable degree upon mineralogical composition, is intimately related to soil 
permeability. Therefore, samples of two soil series which differ videly in min- 
eralogical composition and water stability, the Yolo and the Aiken, were selected 
for this investigation. These soils bj^ no means represent the extremes which 
might have been selected, the Yolo, however, is far more representative of 
western irrigated soils than is the Aiken. The Yolo, a fine sandy loam, contains 
a clay predominantly montmorillonitic in composition and is already relatively 
highly dispersed or is very easily dispersed in water. The Aiken, a clay loam, 
is high in kaolinite and is well aggregated and very difficult to disperse in water. 
Samples of each of these soils were gently crushed to pass through 2-mm., 1-mm., 
0.42-mm., 0.15-mm,, and 0.075-mm. sieves, and permeability measurements were 
made on each sample. The results are presented graphically in figure 2. 

Examination of figure 2 discloses that the well-aggregated Aiken soil acts like 
sand, in that the permeability decreases with decreases in the diameter of the 
sieve openings through which the soil has been passed. Undoubtedly, other 
physical measurements on soils of this type are affected similarly by sieve size. 
Choice of a sieve size for well-aggregated or water-stable soils is, therefore, en- 
tirely arbitrary and must depend upon the proposed use of the information. 

The permeability of a dispersed or easily dispersed soil (e.g., the montmoril- 
lonitic Yolo) should be, for the most part, independent of sieve size. It is evident 
from figure 2 that though sieve size may be a factor in brief permeability tests, it 
is not an important factor in long-continued tests on soils like the Yolo. As a 
matter of routine, therefore, the 2-mm. sieve is used for long-time tests on easily 
dispersed soils, and the 1-mm. sieve is used for all short-time tests and for long- 
time tests on well-aggregated soils. 

PACKING TECHNIQUE 

Since it is not possible to pack disturbed soil so as to reconstruct its natural 
arrangement, permeability values obtained in the laboratory upon disturbed soil 
samples frequently may be poorly correlated with field percolation rates. Hence, 
the author was interested principally in retowe response to any given treatment, 
this response being closely related to field behavior. Obviously, therefore, 
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uniformity of packing within a soil column and between replicate columns was of 
utmost importance in the laboratory measurements, and so packing was studied 
in great detail. 




CciWIMETERS OF WATER THROUGH SO?L 

Fig. 2. Effect of Sieve Size Used in Soil Pkeparation on Soil Permeability 

Soils were packed oven-dry ; air-dry ; and with varying percentages of moisture 
by a propeller type of filler and impactor, by a variable speed vibrator , by 
tamping from above, and by dropping the soil-filled permeameter upon a solid 
wooden block ('‘impact’’ method). As has been indicated, the soil must be 
packed dry in order to give reproducible permeability values, and oven-drying 
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has no advantage over complete air-drying. The vibrator was not able to im- 
part to the loose soil a volume weight as high as that found in the field, and the 
correlation between volume weight and permeability on samples packed by vi- 
bration was not good. The propeller and impactor and the tamping method 
gave layers of varying permeability as indicated by calculations from manometer 
readings. Dropping the soil-filled permeameter squarely upon a solid wmoden 
block an adequate number of times was found to be most satisfactory as regards 
uniformity of packing, control of volume weight, and reproducibility of per- 
meability values. 

The effect of number of impacts (number of times the soil-filled permeameter 
was dropped upon the wooden block) upon soil permeability, in the absence of 
high bearing pressures such as are encountered in engineering work, was studied 
next. The results on two soils are presented graphically in figure 3. The well- 
aggregated kaolinitic Aiken soil again acts much like a sand, in that a relatively 
few impacts are sufficient to reduce the permeability (and the volume weight) al- 
most to a minimum. Soils like the Aiken evidently require a certain amount of 
compaction, beyond which the permeabilit}^ values are but slightly affected. 
The montmorillonitic Yolo soil, however, responds continually to impaction, and 
the permeability (and to a lesser extent the volume weight) is dependent upon 
the number of impacts received. Selection of the number of impacts to be given 
soils of this type is, therefore, entirely arbitrary. Some workers pack to original 
field density, and this may have some merit. Figure 3 indicates that extreme 
caution is necessary in interpreting permeability data obtained on disturbed 
samples of soils like the Yolo unless sound procedures are adhered to rigidly. 
In highly precise studies, the packing characteristics of each soil must be known. 

In these studies short columns (1| to 4 inches long) of all soils were arbitrarily 
given about 20 impacts from a height of 1 inch, the exact number varying some- 
what with column length. 


WETTING TECHNIQUE 

Initially, upward flow was used in determining soil permeability. It was soon 
found more expedient to have downward flow, but the soils still were wetted care- 
fully from below for the purpose of displacing as much air as possible from the 
soil pores. Other experiments showed that upward water movement displaced 
little, if any, more air from the soil pores than did downward water movement. 
Thereupon, the effect of initial wetting upon soil permeability was studied. 
Some of the results obtained are presented in figure 4. It is evident that the 
manner of wetting is not important in long-continued permeability tests on these 
soils but that it is of considerable influence in short tests. The reason for this is 
not apparent. It may be due to differences in the local movement of soil 
particles and in the manner in which air is trapped by the two different flow di- 
rections. 

It is of interest to note that the water-stable Aiken soil is but slightly affected 
by 24 hoursmf slaking, whereas the Yolo is markedly affected. This definitely 
indicates that the difference in the permeability curves is not due to trapped air 
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since both (A) and (B), in figure 4, were slowly wetted from below and pre- 
sumably should have equal permeabilities. Furthermore, though displacing 
the air from below usually results in high initial permeability values (fig. 4), at 
least two soils have been tested in which the reverse is true. As has been em- 




Fig. 3. Effect of Number of Impacts upon Soil Permeability 


phasized, however, the relative changes in permeability, and not the absolute 
values, are of paramount importance. Any convenient procedure may be 
adopted, therefore, provided it does not seriously alter the shape of the flow 
curves . Application of water to the dry soil from above is convenient, is similar 
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to field application, and gives results in excellent agreement with other methods 
of wetting, especially if the tests are long-continued. 




Fig. 4. Effect of Initial Wetting on Soil Pebmeability 
Downward flow after: A, wetting from below and soaking 24 hours; B, barely wetting 
from below; and, C, no preliminary wetting. 

VAHIABILITY OP THE PERMEABILITY ‘^CONSTANT'’ WITH TIMfe 

During the course of these experiments it was found that permeability de- 
creased markedly with continued downward flow (fig. 4). Similar observations 
were made previously by a number of workers (3, 8). Bodman (3), who has 
made the most comprehensive study of the effect of long-continued percolation, 
says: “Explanation of the great decreases in saturated water-permeability of all 
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of the soils examined seems to lie in the early removal of electrolytes and subse- 
quent gradual dispersion and rearrangement of the clay particles so that the 
conducting pores are reduced in size more or less permanently.’’ Additional ex- 
perimentation by the author and by J. E. Christiansen, of this laboratory, sub- 
stantiates Bodman’s findings and also indicates that microbiological growth 
within the soil column may prove to be of considerable importance, especially in 
long-time permeability tests. 

ELECTROLYTE CONCENTRATION 

A correct evaluation of the influence of electrolyte concentration upon soil 
permeability is difficult because of many complicating factors such as soil tex- 
ture, degree of dispersion, mineralogical composition, and base-exchange status. 
The last-named variable, especially, leads to difficulty, since base status is a 
function of the concentration as well as the composition of the solution bathing 
the soil. Most workers have long recognized these facts, and realize, furthermore, 
that no permeability determination that ignores the effect of dissolved salts is 
entirely applicable to a practical problem. Because of the apparent complexity 
and hitherto limited use of permeability determinations, however, little pertinent 
information has been collected on the effect of electrolyte concentration on per- 
meability measurements. This subject is now being investigated further by the 
author. 

In general, because of its effect on soil dispersion, the lower the salt concen- 
tration, the lower the soil permeability. In preliminary tests it was found that 
decreasing the electrolyte content of the percolating water from 10,000 to 40 
p.p.m. (3 gram-equivalent weights of CaCb to 2 of NaCl) decreased the permeabil- 
ity of Aiken clay loam from 10.2 to 7.3 cm. per hour, and of Yolo fine sandy loam 
from 2.8 to 0.3 cm. per hour (comparisons were made when 12 inches of solution 
had passed through each soil sample). Some other soils showed very much 
greater response to changes in electrolyte concentration. Pending further in- 
formation, for ordinary permeability measurements it seems best to use the water 
used in regular irrigation practice upon the soil in question. For specific prob- 
lems other waters may be more suitable. 

CHEMICAL COMPOSITION OF WATER 

A factor which has received much attention in soil reclamation, but which is 
often overlooked in permeability studies, is the chemical composition of the water 
used for the permeability test. Some alkali soils tested at this laboratory are 
hundreds of times more permeable to tap water (280 p.p.m. of mixed salts, ap- 
proximately 40 per cent of which are sodium salts) than they are to distilled 
water or to low-salt waters containing a high percentage of sodium. Calcium is 
the principal absorbed cation of the colloidal complex of most agricultural soils. 
In general, these soils are. reasonably permeable to water and have a favorable 
physical condition for cultivation and crop production. When water containing 
a high percentage of sodium salts comes in contact with or is percolated through 
these soils, base exchange takes place and sodium ions replace a considerable p or- 
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tion of the absorbed calcium ions. Some soils remain moderately permeable 
when leached with high-sodium water as long as the salt content remains fairly 
high because the presence of the salt tends to keep the soil flocculated. If the 
high-sodium water is replaced by a water of considerably lower salt concentra- 
tion, the soil will disperse immediately and become sticky and relatively im- 
permeable, regardless of the chemical compostion of the latter water. 

Characteristic curves^ for an agricultural soil are shown in figure 5 (note 
that the ordinate of the graph is plotted to a logarithmic scale). The curves 
show the changes in permeability that occurred with the amount of water 
which passed through the soil. This soil is typical of many others tested, in that 



Fig. 5. Permeability op an Agricultural Soil as Influenced by Water Composition 

it shows marked differences in permeability to distilled w^ater as compared with 
the aforementioned tap water or with waters containing only a few hundred parts 
per million of various calcium salts. It will be noted that the Hesperia soil is 
more permeable to a 4,500 p.p.m. sodium chloride solution than it is to distilled 
water. On subsequent leaching with distilled water, however, the soil became 
virtually impermeable. One soil tested was 20 times as permeable to tap water 
and 35,000 times as permeable to a water containing 800 p.p.m. of calcium 
chloride as to distilled water. 

These and other data indicate that the chemical composition of the percolating 

4 These curves were published by J. E. Christiansen and the author in a discussion of 
reference (4). 
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water and the chemical changes brought about by it may be of the utmost im- 
portance in permeability tests on colloid-containing materials. 

REPLICATION 

From the foregoing discussion it is evident that, although permeability values 
are easily obtained in the laboratory, highly standardizjed arbitrary techniques 
are required if valid comparisons are to be made between soils and between treat- 
ments. These techniques are easily acquired, however, and very satisfactory 
results may be obtained with practice. For example, fifteen 200-gm. air-dry 
samples of each of two soils were packed, as described above, into permeameters. 
After 2 hours of percolation with Riverside tap water the average permeability 
of all samples of the first soil was 6.4, the maximum value 7.2, and the mmimum 
value 6.1 cm. per hour; after 24 hours of percolation the average was 5.1, the 
maximum 5.7, and the minimum 4.8 cm. per hour. For the second soil the aver- 
age permeability after 2 hours was 0.34, the maximum 0.42, and the minimum 
0.31 cm. per hour; after 24 hours of percolation the average was 0.25, the maxi- 
mum 0.32, and the minimum 0.21 cm. per hour. 

As a matter of routine in this laboratory the permeability is usually obtained 
on triplicate samples. All samples are discarded and the permeability redeter- 
mined if the range of values is greater than 50 per cent of the mean permeability 
value. Pending further research, differences in average permeability of less than 
10 per cent are not considered significant. 

DISCUSSION 

It has been the author’s purpose to develop a simple and reliable procedure for 
making permeability measurements on large numbers of disturbed soil samples 
simultaneously. The procedure presented herein has widespread applicability, 
but is particularly suitable for studying the factors which influence water move- 
ment in saline and alkali soils. Briefly, it involves aii-drying the soil; sieving 
through 1- or 2-mm. openings; subsampling by means of a small ore sampler; 
weighing; transferring to a permeameter; leveling with a spatula; packing by 
dropping the permeameter solidly about 20 times on a wooden block provided 
with a hole to accomodate the water outlet of the permeameter; connecting the 
permeameter in series with a constant-head delivery devise; introducing water on 
to the soil, covered initially with filter paper to prevent soil disturbance ; collection 
and measurement of percolate in a graduated cylinder; measurement of hydraulic 
head and soil column length during water percolation; and calculation of per- 
meability by means of equation (;§) . One operator can handle 24 to 48 samples 
simultaneously. 

The rate of movement of water through soils is the resultant of a large number 
of complex factors, both chemical and physical. A few of these factors have 
been discussed briefly. It is evident that much work must be done before pre- 
dictions of quantitative significance can be made as to the field response of a soil 
to a given set of conditions. As previously mentioned, studies on undisturbed 
soil samples probabfy are of maximum value, but field cores are obtained and 
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handled with extreme difficulty, especially in arid regions. Permeability studies 
on disturbed soil samples have already been and are continuing to be of great 
value in extending and clarifying quantitative inform^ation on specific soil-water- 
salt interactions. The relatively great response of soil permeability to slight 
changes in structure makes permeability particularly suitable as a laboratory 
criterion of soil condition. 

The details of the equipment and procedures used in this laboratory are 
briefly given in this report, since it is felt that an understanding of the factors 
which influence soil permeability measurements will be of much more value than 
explicit directions. Comprehension of the more important of these factors 
should assist in the development of procedures suitable to specific problems. 

SUMMARY 

Laboratory studies are useful where it is not practical or economically feasible 
to conduct field trials on soil reclamxation and movement of water through soils. 
Disturbed soil samples can be used advantageously to study the relative changes 
in percolation rate brought about by specific chemical and physical soil treat- 
ments, Some of the factors which influence laboratory permeability measure- 
ments are discussed briefly. These are: method of determination; shape and 
size of permeameter; water outlet; soil retaining screens; water-head controls; 
hydraulic gradient; fluids; viscosity; temperature; direction of water flow; en- 
trapped air; texture; volume weight, and water content during packing; effect 
of sieve size; packing technique; wetting technique; variability of permeability 
with time; electrolyte concentration; composition of water; and replication. 
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Several investigators (2, 3, 11, 13) have shown that the permeability of a soil, 
as determined in the laboratory, is not constant but varies considerably with time, 
when tests are carried on over a period of weeks or months. There are usually 
three distinct phases during a permeability test: an initial period in which the 
permeability decreases, in some instances only slightly but in many, to a small 
fraction of the original rate; a second period during which the permeability in- 
creases, in some instances to more than 30 times the previous minimum rate; and 
a third period when the permeability again decreases gradually but steadily dur- 
ing the remainder of the test. Similar variations have been noted in the rate at 
which water enters the soil in field plots submerged for long periods.® The pur- 
pose of this paper is to present an explanation, with experimental evidence, for 
the increase in permeability that occurs during the second phase of the test. 

REVIEW OP LITERATURE 

Variations in permeability with time were studied by Bodman (2), using dis- 
tilled water. A sharp decrease in permeability took place during the first few 
hours of the test. This was follo'wed by a sharp rise, which, for four of the soils, 
occurred during the first 10 days of the experiment. This in turn, was followed 
by a rather rapid decrease in permeability for a few days and a more gradual de- 
crease for the remainder of the test. No explanation for the increase in peimeabil- 
ity was offered. 

Fireman and Bodman (3) plotted the permeability against the volume of perco- 
late to a logarithmic scale, which emphasizes the initial phase of the test, wherein 
the first decrease in permeability takes place. This decrease was followed by an 
apparent sudden increase in permeability when the volume of percolate amounted 
to about 15 tunes the pore space of the soil. 

King (8) found that the flow through certain porous media increased over a 
period of time without change in pressure. He further found that when the pres- 
sure was increased the flow nearly always increased more rapidly than the pres- 
sure. The deviations ranged from less than 1 per cent, in some instances to 

^ Gontribution from U. S. Regional Salinity Laboratory; Bureau of Plant Industry, 
Soils, and Agricultural Engineering; Agricultural Research Administration; XJ. S. Depart- 
ment of Agriculture; Riverside, California; in cooperation with the eleven western states 
and the Territory of Hawaii. 

2 Irrigation and drainage engineer. Acknowledgment is gratefully made to Milton Fire- 
man, R. F, Reitemeier, and Betty Mabry for helpful advice and assistance in planning and 
carrying out these experiments, and to Mrs. Ruth Johnson for much of the routine work 
and computations involved - 

® Unpublished data of H. L, Haehl (1943) concerning water-spreading experiments. 
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more than 50 per cent for certain materials. King discussed the possibility of the 
deviations being due to “entangled” air adhering to the porous material, but 
ruled out this possibility on the grounds that the increase in flow was too great to 
have been caused by the rather slight compression of the air. He failed to arrive 
at a satisfactory explanation for this phenomenon. 

Wityn (13) presented a number of permeability-time graphs, but gave no ex- 
planation of the increase in permeability that occurred shortly after the be- 
ginning of the tests. 

The problem of confined air has been discussed by Baver (1), Powers (9), 
Slater and Byers (11), Free and Palmer (5), Horton (6), and others. They have 
shown that when soil in a tube closed at the bottom is wetted with water from 
the top the confined air is compressed. This air confinement causes an appre- 
ciable reduction in rate of infiltration as compared with similar experiments 
where the air is allowed to escape as the water enters the soil. “Confined air” 
should not be confused with “entrapped air” as discussed in this paper. 

Zimmerman (14) has shown that air is entrapped in the pores of soil when the 
soil is wet by capillarity from below. Smith and Browning (12) have shown that 
natural soil cores, when wetted under laboratory conditions, are not completely 
saturated, but contain an appreciable amount of air. The average “unsatura- 
tion” of 200 samples was 9 per cent of the pore space; the highest was 22 per cent. 
They also have shown that the relationship between permeability and non- 
capillary porosity is improved when the noncapillary porosity is corrected for un- 
saturation. They mentioned that “theoretically, unsaturated pores would be 
expected to decrease the permeability of the soil to water.” 

Several writers have mentioned, in connection with laboratory determinations 
of permeability, that care must be exercised to avoid trapping air in the soil pores, 
and many have stressed the desirability of using upward-flow permeameters for 
this reason. In some instances, special precautions are taken to avoid formation 
of air bubbles within the soil during the test, such as using de-aired water, or 
heating the water to above room temperature so that there is a decreasing tem- 
perature gradient through the sample during the permeability test. 


PEKMEABILITY EQUATIONS AND UNITS 


Permeability may be defined as the rate at which a fluid passes through a 
porous medium of unit area under unit gradient. The simplest expression is the 
“Darcy” coefficient of permeability (10), defined by the equations: 


Q 


PAH 


(i) 


or 


q^P 


dh 

Tl 


(£) 


In equation (1), Q is the flow (volume per unit time), P is the “Darcy” per- 
meability coefficient, A is the cross-sectional area of the soil column, H is the 
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difference in head at the two ends of the soil column, and L is the length of the 
column. In equation (^), q is the flow per unit area, which is the velocity of a 

solid water column, and ^ is the hydraulic gradient, or decrease in head per unit 

length of column. The ‘^Darcy” coefficient of permeability, P, is a proportion- 
ality factor which has the dimensions of velocity, i.e., LT"h In this paper P is 
referred to as the ^'permeability.’’ It is an inverse function of the viscosity of the 
fluid, and where temperature variations occur, it is customary to correct to a con- 
stant temperature by multiplying the actual permeability by the viscosity ratio 


~ , where a is the viscosity of the fluid at the temperature at which the deter- 


mination is made, and iis is the viscosity at a standard temperature, usually taken 
as 20°C. F,). Such corrections may introduce errors; this point is dis- 

cussed later. 

Some investigators (7, 10) prefer to break down the permeability coefficient 
P into its more fundamental constituents. They have shown that for non- 
colloidal materials P is theoretically a function of the square of the particle 
diameter and is proportional to the acceleration of gravity and the density of the 


fluid, and inversely proportional to the viscosity of the fluid 


Le.,P=/ 



Although various combinations of these factors can be used as the permeability 
unit, P seems to be the most easity visualized, and can be most readily applied to 
practical problems. 

When the permeability of a soil is determined in the laboratory, the soil is 
packed in a cylinder of uniform cross section, being supported on a screen, a 
porous disc, or a highly permeable material such as sand. The flow may be up- 
ward, downward, or horizontal. If the flow is upward, a low hydraulic gradient 
must be used, or a support over the soil column is necessary to prevent it from 
rising as a result of the pressure from below. If a constant water level is used the 
permeability can be computed from the equation:^ 


= 9k 

AH 


iS) 


When the water level is allowed to fall in the supply reservoir (variable-head 
permeameters) the permeability is calculated from the equation : 


P = 


aL 

AT 



( 4 ) 


where a is the area of the water supply reservoir, A is the area of the soil column, 
L is the length of the soil column, Hi is the head at the start of the test, and J ?2 the 
head at time r. 

4 For convenience, permeabilities reported in this paper are expressed in centimeters 
per hour (milliliters per square centimeter per hour) for a hydraulic gradient (H/L) of 
unity. 
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PROCEDURES AND RESULTS 

Experimental work carried out in this laboratory has shown that air is en- 
trapped in the soil regardless of how the soil is first wetted, and that the increase 
in permeability obtained during the second phase of the tests is due to the gradual 
elnnination of this air. With downward flow, the air is dissolved gradually by 
the water passing through the soil, and successive soil layers become freed of air 
from the top downward. 

Ordinarily the maximum permeability occurs at about the time the air is eli- 
minated from the soil column. The rate at which the air is removed depends 
upon the permeability of the soil, the capacity of the water to absorb additional 
air, and the amount of air present in the soil. When the same amount of soil 
(200 gm.) is used in cylinders approximately 3.4 cm. in diameter, the time re- 
quired to eliminate the entrapped air and reach maximum permeability has 
varied, with the different soils tested, from 3 to 53 days. The volume of leachate 
has varied from about 1 to more than 30 liters, corresponding to a depth of water 
of about 100 to more than 3,000 cm. For soils of low permeability, the time re- 
quired is considerably longer. Some tests have been continued for 2 months 
without reaching a maximum permeability. One 3-foot soil column studied by 
Fireman® required a year to reach maximum permeability. 

Tests have been made with various types of water, including tap water, dis- 
tilled water, mixtures of tap water and distilled water, and solutions of CaCb and 
CaS 04 . Although the permeability of the soil is affected by the composition and 
concentration of the water, the permeability-time curves are similar in shape. 
That is, the permeability first decreases, then increases, and later decreases again. 

Most of the permeability tests have been carried out in glass percolation tubes 
arranged as shown in figure 1. The soils are air-dried and screened (1 or 2 mm.) 
and 200 gm, of soil is poured into the percolation tube through a 14-mm. glass 
tube which is slowly raised and rotated to distribute the soil evenly in the perco- 
lation tube. The soil is settled by dropping the tube on its point on a soft-wood 
block a given number of times through a height of about 2.5 cm. The length of 
column of soil is carefully measured, and the apparent density of the air-dry soil 
is calculated. 

Four wetting procedures have been used: (1) The tubes are set in beakers of 
water and allowed to stand (usually overnight) until the soil is completely 
moistened by capillarity. (2) Water is applied to the bottom under a head 
greater than the length of the soil column. The flow is reversed after a small 
amount of water has passed through the soil. (3) Water is applied directly to the 
surface of the dry soil, the air being displaced through the lower end of the tube. 
(4) The tubes of dry soil are evacuated with an aspirator and are moistened from 
below while under a vacuum of about 29 inches of mercury. When wetted in 
this manner very little air is entrapped in the pores of the soil. Ordinarily the 
first procedure is used. 

® Fireman, M, The effect of saline irrigation waters upon the permeability and base 
status of soils. 1943. [Unpublished doctor thesis. Copy on file Library, Univ. Calif., 
Berkeley.].' 
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The volume of percolate is measured, usually once or twice a da^?-, and the per- 
meability calculated from equation (3 ) . The temperature of the room is main- 
tained approximately constant (24 db 0.5 C.) . No corrections have been made for 
temperature differences. 

Effect of entrapped air 

Careful observations were made of the appearance of the tubes when the in- 
crease in permeability was first thought to be due to the gradual elimination of 
entrapped air. These observations indicated that air was present at the begin- 
ning of the test, and that it gradually disappeared, beginning at the top of the 
tube. Maximum permeability occurred at about the time air was no longer 



Fig. 1. Arrangement of Apparatus for Soil Permeability Tests 

visible. As a result of these observations the following experiment was per- 
formed. 

Three soils, which were being leached with a solution of CaCb (5 m.e. per 
liter), had already passed their maximum permeability. The water supply for 
two tubes of each soil was shut off, and a tension of about 100 cm. of w^ater was 
applied to the bottom of the percolation tubes. This was sufficient tension to 
draw air through the soil. One tube of each soil was then wetted from below 
under a low head and allowed to stand until the water covered the soil to a depth 
of about 1 cm. The other tubes were held for 2 days, and then water was added 
directly to the surface. In all cases the permeability was low at the start and in- 
creased for about 3 days. No difference could be ascribed to the method of wet- 
ting. The permeability-time relations for three of the tubes are shown in figure 



360 


J, E. CHRISTIANSEN 


2 The Superstition sand was wetted from the top, and the Hesperia sandy 
loam and Altamont clay loam were wetted from below under a low head. 

To obtain further evidence, six tubes of Hesperia sandy loam were packed in 
the usual manner, and two of them were wetted under a vacuum of about 29 
inches of mercury, two were wetted by capillarity from the bottom, and two were 
started by adding water directly to the surface of the dry soil. They were 
leached with tap water, which contained about 3.5 m.e. of mixed salts per liter, 
50 per cent of which were sodium salts on a chemically equivalent basis. The re- 
sult of this test is illustrated in figure 3, only one tube of each treatment being 
shovm to avoid confusion. Where the air is eliminated by evacuating the soil 
and wetting it in the absence of air, the permeability is a maximum at the be- 
ginning of the test and decreases gradually. 



Fig. 2. Permeability Curves for Three Soils for Which the Water Supply Was 
Interrupted and Air Drawn into the Soil 
These soils were leached with a solution of 5 m.e. CaCh per liter 

Another test was conducted to determine the amount of air entrapped and the 
effect of variations in density upon the permeability and the air entrapment. 
Eighteen tubes were filled with Hesperia sandy loam, which was then compacted 
to different apparent densities by varying the number of impacts from 2 to 256 in 
geometric progression. Variations in apparent density from 1.31 to 1.47, air-dry 
soil basis, were obtained. The lowest densities increased to 1 .35 during the test. 
Several additional tubes were packed to densities of about 1.40. The tubes 
were weighed and then set in beakers of water, wetted by capillarity, and allowed 
to stand in water overnight. The tubes were again weighed, and at the con- 
clusion of the test they were weighed a third time. The difference in weight at 
the beginning and end of the test is an approximate measure of the pore space 
initially occupied by air and subsequently by water. The relationship between 
the percentage of pore space initially occupied by air and the relative increase 
in permeability, as indicated by the ratio of the maximum to previous minimum 
permeability {Pm&x./Pmin,), is shown in figure 4. There appears to be a good 
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correlation between the amount of entrapped air and the relative increase in 
permeability when the air is eliminated. 

Tests have also been made on cylinders of soil with manometer connections on 
the side, so that the head loss for different sections of the column can be deter- 
mined. Considering each section of column independently, we find that the 
permeability of the upper section first increases to a maximum, a short time later 



Fig. S. Effect of Different Methods of Wetting on Permeability Curves for 

Hesperia Sandy Loam 



Fig. 4. Relation Between Percentage op Entrapped Air and Relative Increase in 
Permeability When Air Is Dissolved 

the second section reaches its maximum, and so in turn each section increases to a 
maximum, then decreases. The results of a test on a small cylinder with four 
manometer connections, packed with Hesperia sandy loam, are shown in figure 5. 
This soil column was wetted from below under a low head which was maintained 
until the soil surface was covered to a depth of about 1 cm. 

A number of tests have been made on undisturbed soil cores 5 inches in diam- 
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eter and about 3 feet long. These cores are held in a pipe with seven manometer 
connections 6 inches apart. These cores are first wetted from the bottom unde*^ 
a low head and enough water is allowed to pass upward to cover completely the 
surface of the soil. Water is then applied to the surface, and the tests are made 
with dovmward flow. Invariably these cores exhibit the same characteristic 
curves, although the permeability of the soil at different horizons varies con- 
siderably. 

Pressure and temperature effects 

Where air is present, the volume occupied by it will depend upon the pressure 
and temperature, and therefore, the permeability might be expected to vary with 
both of these factors. Fireman^ noted that permeabilities determined mth the 



Fig. 5. Permeability-Time Relations foe Thkee Sections of a Soil Column 
The permeability of the top section is a maximum on the second day, the middle sec- 
tion reached its maximum later the same day, and the bottom section its maximum about 
the end of the third day. 

variable head technique decreased as the effective head decreased. Since the 
volume of air would increase as the pressure in the soil decreased, this might ac- 
count for a decrease in permeability. Careful tests were made on two tubes of 
soil, using a 50-ml. burette as the supply reservoir. One tube contained soil with 
an appreciable amount of entrapped air, and the other had been leached under a 
constant head for sufficient time to eliminate the trapped air. The burette was 
carefully calibrated to determine the mean diameter for each section, and pre- 
cautions were taken to avoid errors in measurements. Time intervals for the 
water level in the burette to drop between fixed graduations were made with an 
electrical timer reading to 0.1 second. The results are shown in figure 6. The 
permeability of the soil containing entrapped air decreased as the head dropped, 
whereas that of the saturated soil remained essentially constant. The small 
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variations are attributed primarily to slight errors in timing and reading the 
burette. 

Tests on undisturbed cores with side manometers under variable temperature 
conditions indicated that arise in temperature caused an increase in head loss in 
the sections of soil containing entrapped air and a corresponding decrease injhead 
loss in the sections from which the air had been eliminated. When a soil con- 
tains entrapped air, a change in temperature causes a change in volume of the 
air, and a change in viscosity of the water. These effects are opposed and there- 
fore tend to be compensating. When permeabilities are corrected to a standard 
temperature on the basis of the viscosity ratio, they are actually overcorrected if 
air is present in the soil. This is in agreement with the findings of Fireman (4). 



Fig. 6. Effect of Entrapped Air on Permeability Determinations with Variable- 

Head Technique 

Each point represents a separate determination during which the water level in the sup- 
ply reservoir dropped from the maximum to the minimum head {Hi to Hg) as given in the 
legend. 


DISCUSSION AND CONCLUSIONS 

Air entrapped in the soil upon wetting appreciably lowers the permeability. 
As this air dissolves, the permeability increases and reaches a maximum at about 
the time the air is no longer visible. The relative increase from the previous 
minimum permeability to maximum permeability has been found to vary widely . 
For Hesperia sandy loam, on which most of the tests reported here were made, 
this relative increase (Froax./Firan.) ranged from about 2.0 to 4.5; for other 
soils tested it has varied from 2 to 40, Tests with distilled water have generally 
given the lowest ratios. No method of wetting the soil which will eliminate air 
entrapment has been found, except wetting under a vacuum. This is a difficult 
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and tedious procedure, and for some soils it apparently causes a breakdown in 
structure and results in much lower final permeabilities than are obtained when 
the soils are wetted in the usual manner. Capillary forces predominate at the 
wetting front, and once the soil is wetted, air present in some of the pores is com- 
pletely immobilized and must be dissolved before it can be removed. Upward 
flow through the soil provides no assurance that air will be eliminated. 

In one test, the initial permeability was 0.64 cm. per hour. This gradually de- 
creased to a minimum of 0.117 cm. per hour on the tenth day, after which it in- 
creased slightly and then remained nearly constant until the fortieth day, when it 
began to increase more rapidly, reaching a maximum of 4.64 cm. per hour on the 
fifty-third day. The relative increase was 4.64/0.117 = 39.6. A total of 17.7 
liters of water passed through this soil sample before the maximum permeability 
w^as obtained. This corresponds to a depth of 1940 cm. of water. Only 130 ml, 
of w^ater passed through another soil in 50 days. A very long period of time would 
be required to dissolve the entrapped air in this soil unless a different technique 
was used. 

Caution should be exercised in apptying short-time laboratory permeability 
determinations to field problems, especially if under field conditions the soil was 
continuously submerged and air was not present or would be eliminated by con- 
tinuous percolation. Examples of such problems are ground-water flowq soil 
drainage, flow through canal linings, and flow through dams and embankments. 
The effect of entrapped air on permeability studies for such purposes has generally 
been overlooked. Many such tests are made on materials of low permeability 
where very long time periods would be required to eliminate air and reach maxi- 
mum permeability. 


SUMMARY 

When soils packed in cylinders for laboratory permeability determinations are 
wetted, some air is trapped in the soil, regardless of whether the water is applied 
from the top, from below by capillarity, or under a head. 

A means of avoiding this air entrapment is to evacuate the dry soil and wet it 
in the absence of air. For some soils, this method of wetting greatly reduces the 
final permeability obtained. 

Upward flow of water in the permeameter is no assurance of air elimination. 

Having once become immobilized, this entrapped air can escape only by dis- 
solving in the water. 

Entrapped air causes a large reduction in permeability compared with com- 
pletely saturated soils. In some instances an increase of more than 30 times the 
previous minimum rate has been obtained with the elimination of this air. 

The presence of air in the soil results in permeability values being affected by 
variations in pressure and temperature. The increase in volume of entrapped 
air with increase in temperature results in a relative decrease in flow, which 
partly compensates for the increase in flow due to the decrease in viscosity of the 
water. . ' . 
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Many years ago Gilbert White, ^ and later, Darwin (2) stressed the value of 
earthworms to agriculture, and agronomists and foresters as well as many practi- 
cal farmers and gardeners have recognized the improvement in the physical 
condition of the soil brought about by these inhabitants. Little has been done, 
however, to exploit the idea or to ^‘put the worms to work’ ^ on any extensive scale 
until recently. A number of farmers have adopted what is called ^ ^earthworm 
tillage” or ‘‘biodynamic farming,” the terms not being exactly synonymous but 
referring to practices which have some features in common. The reported 
successes of these farming methods have prompted the study of the properties of 
worm casts in comparison with the soil mass as a whole. No effort was made to 
obtain quantitative measurements of the amount of cast material thrown up in a 
year, although a rough estimate was made of the quantity present on the field at 
the time of sampling. 


REVIEW OF LITERATURE 

Although several workers have investigated the activities and the benefits of 
earthworms, only a few data on the composition of the casts have been published. 
Darwin (2) devoted a whole book to the subject of earthworms but did not in- 
clude any such data. Hensen (3) found that loss on ignition of worm excrement 
lining the burrows was 3.3 to 5 per cent, compared with 2.3 per cent for the un- 
worked soil. He also mentioned that Muller reported 24 to 30 per cent loss on 
ignition for worm excrement in contrast to about 8 per cent for soil. Salisbury 
(9) found that worm casts had a higher organic matter content than the soil in 
six cases out of eight. He also reported that the reaction of the casts was usually 
more nearly neutral than was that of the original soil. Similar findings have 
been reported by Robertson (7) and are shown in the data of Puh given below. 
Blanck and Giescke (1) found a marked increase in the nitrifying power of three 
different soil types as the result of earthworm activity. Earthworm casts col- 
lected from cut-over land on two soil types had higher base-exchange capacities, 

1 Contribution from the department of soils, Connecticut Agricultural Experiment 
Station, New Haven, Connecticut. 

2 Associate in forest soils and associate agronomist, respectively. 

s Eusseli (8) quotes the following from Gilbert White, published in 1777: “Worms seem 
to be the great promoters of vegetation, which would proceed but lamely without them, 
by boring, perforating, and loosening the soil, and rendering it pervious to rains and the 
fibers of plants, by drawing straws and stalks of leaves and twigs into it; and, most of all, 
by throwing up such infinite numbers of lumps of earth called worm-casts, which, being 
their excrement, is a fine manure for grain and grass . . . the earth without worms would 
soon become cold, hard-bound, and void of fermentation, and consequently sterile.’’ 
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organic matter, and nitrogen contents than did the im worked soil mass, according 
to Powers and Bollen (5). They discovered that barley grown in pots produced 
much higher yields when earthwoimis were present than when the soil was free of 
worms. 

Robertson (7) has shown that earthworms secrete calcium carbonate con- 
cretions in their calciferous glands. Secretion can take place under acid, neutral, 
or alkaline conditions, provided the worms have access to material containing cal- 
cium. He points out, however, that these concretions, which are excreted in the 
casts, do not affect the reaction of the casts in the least; it is rather the secretions 
of the gut wall which are responsible for changes in the reaction of the casts. 
When worms were kept on filter paper or in acid peat, formation of calcite con- 
cretions ceased after a week or 10 days. 

Stockli (10) studied the effect of earthworms on the soil in ten different places 
including garden, meadow', and forest soils. He found great variations in their 
activity from place to place and from season to season. Temperature and 
moisture were all important; geological origin of the soil was of no consequence. 
In comparison with the undisturbed soil, the casts and the linings of the tunnels 
had, in general, higher pH and loss-on-ignition values, higher content of humus 
soluble in 30 per cent PI 2 O 2 , and higher bacterial count. 

Using a noncalcareous loamy clay, not ordinarily occupied by worms, with 
which were mixed 1 part calcareous sandy soil to 9 parts of the loamy clay, and 
finely cut leaves and stems of Lactuca sativa^ Puh (6) introduced earthworms 
{Phereiima buccidenia) and left them for 2 months. At the end of this time the 
casts covered virtually the whole surface. Her analyses of the soil and of the 
worm casts at the end of this period were as follows: 




Parent 

Soil 

Worm 

Casts 

pH (noncalcareous loamy clay) 


6.2 

6.8 

pH (noncalcareous loamy clay, with calcareous 

sand).. . . 

6.4 

6.7 



[8.5 

7.4 

pH (calcareous loamy clays) 


7.8 

7.5 



(8.0 

7.2 

Base capacity per 100 gm 

w.e. 

21.0 

25.5 

Exchangeable calcium (CaO) per 100 gm 

m.e. 

17.8 

17.8 

Available phosphorus 

. . .p.p.m. 

37.3 

53.9 

Available potassium 

. . .p.p.m. 

193.0 ^ 

294.0 

Ammonia nitrogen 

. . .p.pjn. 

33.0 

49.0 

CaO. 

. per cent 

1.95 

2.37 

Total nitrogen 

. per cent 

0.054 

0.151 

Organic matter. 

.per cent 

1.20 

1.52 


Lindquist (4) reports that earthworms increase nitrate production not only by 
mixing humus with mineral soil and stimulating bacterial activity but also 
through the decomposition of their own bodies. 

AEBAS SAMPLED 

To obtain more complete data than have been published heretofore, to the 
knowledge of the writers, samples of casts and of the surrounding soil mass were 
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collected in the fall of 1942 from both field and forest and were subjected to rather 
complete analysis.^ The field samples were obtained in a field of sorghum and 
soybean stubble and young sweet clover on Earthworm Tillage Farms No. F, in 
North Stonington, Connecticut. The “earthworm tillage’’ consists essentially 
in working the stubble and other plant debris into the upper 4 or 5 inches of soil 
b}^ means of disk and spring-tooth harrows, rather than plowing under in the 
conventional manner. Everything possible is done to supply food for the worms 
in order to increase their number. The field, of approximately 4 acres, was being 
pastured by ten steers and two milk cows. The soil is principally Hinckley 
gravelly loam, and the higher portion is classed as belonging to the Gloucester or 
Plymouth series. Samples were collected at 5-pace intervals along six lines 
across the field, and each group of line samples was composited into one sample. 
In each case three kinds of material were taken; first, earthworm casts; second, 
the adjoining soil mass to a depth of 6 inches; and third, soil at the 8-16-inch 
level. 

The forest soil samples, obtained in four separate areas, consisted of casts; Ai 
horizon (nearby top | to 1 inch of soil, not casts) ; A3 horizon (1| to 8-inch layer 
consisting of the remainder of A and, in some cases, a part of the B horizon) ; and 
B, horizon (8 to 20 inches, more or less). Locations and descriptions of the areas 
are as follows: 

I. Mt. Carmel State Park, Hamden. Holyoke stony fine sandy loam. Mixed hard 
woods, principally oak with maple and dogwood. Samples were taken at edge of timber 
just in the open. Casts were numerous and well defined. (In the woods, casts prevailed, 
but it would have been difficult to find un worked material.) 

II. Middletown, private property. Southington stony fine sandy loam. Principally 
white oak, with black oak, hickory, sugar maple, and other species. Casts were so nu- 
merous it was difficult to be sure of unworked soil. (Subsequent analyses, however, showed 
a marked difference in properties of the casts as compared with the surrounding soil mass.) 

III. Meshomasic State Forest, Portland. Hinsdale stony fine sandy loam. Mixed 
hardwoods consisting principally of red oak, chestnut oak, white oak, dogwood, and sugar 
maple. Abundant casts. 

IV. Middlefield, private property. Southington stony fine sandy loam. Mixed hard- 
woods, consisting of white, red, and chestnut oaks, hickory, sugar maple, dogwood, sassa- 
fras, and hemlock. Casts were abundant. 

Quantitative measurements of the number of casts produced throughout the 
year or of the number of earthworms were not attempted, nor was identification 
of the worms as to species. A rough estimate indicated that, at the time of 
sampling, the casts in the field numbered approximately three to the square foot 
and weighed 2 ounces apiece, which amounted to about 129,000 per acre and a 
weight of 16,000 pounds. 

RESULTS 

Data pertaining to the analyses of the casts and soil from the cultivated field 
are given in table 1. In most cases agreement between samples from several 

^ Field samples were collected by H. G. M. Jacobson and E, J. Rubins ; those from 
forested areas, by H. A. Lunt and D. B. Downs. Most of the analyses were made by Mr. 
Rubins. '■ ,/ , , 

® Property of Christopher M. Gallup. 
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parts of the field was good, and differences between horizons were considerably 
greater than were differences between samples from the same horizon. In nearly 
all cases the casts showed higher values than the O-G-inch layer, which in turn 
were higher than those of the 8-16-inch depth. Greatest differences were found 
in available phosphorus and exchangeable potassium and magnesium, the in- 

TABLE 1 


Properties of earthworm casts and of soil from cultivated field 
Values given are means of six samples* with standard deviations 



CASTS 

SOIL 0-6" 

SOIL 8-16" 

Mean 

SD 

Mean 

SD 

Mean 

SD 

Total nitrogen 

, . . per cent 

0.353 

0.023 

0.246 

0.048 

0.081 

0.011 

Organic carbon 

, . . per cent 

5.17 

0.24 

3.35 

0.48 

1.11 

0.16 

Carbon: nitrogen 


14.7 

0.5 

13.8 

1.8 

13.8 

1.7 

Loss on ignition 

. . . per cent 

13.1 

0.6 

9.8 

0.3 

! 4.9 

0.4 

Nitrate nitrogen 

. . . .p.p.m. 

21.9 

6.9 

4.7 

1.0 

1.7 

0.6 

Available phosphorus (Truog). .p.p.m. 

150 

51 

20.8 

4.8 

8.3 

2.3 

Exchangeable calcium 

p.p.m. 

2,793 

518 

1,993 

760 

481 

83 

Exchangeable magnesium. . 

— p.p.m. 

492 

75 

162 

44 

69 

14 

Exchangeable Ca: exchangeable Mg = 







X:1 


5.8 

1.1 

12.1 

2.9 

7.0 

1.1 

Total calcium 

. . . per cent 

1.19 

0.28 

0.88 

0.18 

0.91 

0.33 

Total magnesium 

. . . per cent 

0.545 

0.066 

0.511 

0.066 

0.548 

0.047 

Total Ca: total Mg «= X:l. 


2.17 

0.37 

1.73 

0.34 

1.66 

0.59 

Exchangeable Ca in per cent of total 







Ca 


25.6 

10.8 

24.4 

13.0 

6.1 

2.6 

Exchangeable Mg in per cent of total 







Mg 


9.19 

2.13 

3.24 

1.07 

1.29 

0.35 

Exchangeable potassium . . . 

p,p.m. 

358 

72 

32 

12.6 

27 

9.1 

Exchangeable hydrogen, .m, 

.e.flOO gm. 

0.33 

0.12 

0.94 

0.19 

0.72 

0,11 

Base capacity m.e.flOO gm. 

4.67 

0.29 

3.82 

0.61 

1.63 

0.06 

Per cent saturation 


92.9 

2.8 

74.1 

9.6 

55.5 

6.1 

pH 


7.00 

0.15 

6.36 

0.34 

6.05 

0.35 

Moisture equivalent. 

. . per cent 

31.4 

1.0 

27.4 

1.3 

21.1 

1.3 

Siltt 

. . per cent 

51.5 


48.3 


45.3 


Total colloids t 

. . per cent 

20.8 


21.9 


19.0 


Clayt 

. . per cent 

10.9 


13.8 


13.1 


Fine clayf 

. . per cent \ 

9.1 


10.2 


10.7 



* Each sample was a composite of individual samples collected at 5-pace intervals on a 
line across the field. There were six lines, hence six samples, 
t C5<^jfnpo®ite samples from whole field. 


creases in the casts over the surrounding topsoil ranging from threefold to eleven- 
fold. Even the nitrogen, organic carbon, and total calcium figures are obviously 
highly significant, the differences being 35 to 50 per cent. The lower clay content 
of the casts may or may not be significant. The total magnesium contents of 
casts and of soil were virtually identical. 

In the forest soils (table 2) agreement among the four profiles was remarkably 
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TABLE 2 

Properties of earthworm casts and of soil from forested areas 
PSOFILE CASTS I Ai I A 3 I Bi 1 CASTS I Ai I Ag I Bi 11 CASTS 1 Ai 


Total N, % (WF)*^ 

3 0.382 0.133 0.086 

3 0.292 0.106 0.039 

7 0.320 0.151 0.071 

3 0.314 0.131 0.062 


Organic C, % (WF) 


Av, 0.625 I 0.327| 0.130| 0.064| 15.6 | 5.9 | 2.1 | 1.0 || 25.1 1 18.0 I 16.3 I 15.0 


Loss on ignition, % (WF) 


Available P (Truog), % 


I 

5.41 

4.75 

4.48 

4.60 

27.6 

13.6 

5.8 

4.8 

27.4 

22.3 

7.8 

9.4 

II 

5.35 

4.65 

4.55 

4.69 

32.4 

11.7 

3.6 

2 9 

19.4 

9.1 

5.1 

3.9 

III 

5.00 

4.43 

4.71 

4.82 

30.2 

12.6 

5.6 

3.0 

21.3 

20.9 

6.8 

13.2 

IV 

5.29 

4.66 

4.69 

4.73 

25.7 

11.8 

5.3 

3.4 

16.1 

7.7 

3.6 

3.3 

Av. 

5.26 

4.62 

4.61 

4.71 

29.0 

12.4 

5.1 

3.5 

21.1 

15.0 

5.8 

7,5 


Exchangeabh 

; Ca, p.p. 

m. 

Exchangeable 

! Mg, p.p, 

.m. 

Exch. 

. Ca'.exch 

S. Mg = , 

.Y:l 

I 

4,280 

1,183 

95 

Ill 

328 

109 

27 

26 

13.0 

10.8 

3.5 

4.3 

II 

5,300 

844 

151 

200 

511 

153 

24 

69 

10.4 

5.5 

6.3 

2.9 

III 

3,272 

224 

51 

46 

354 

69 

15 

12 

9.2 

3.2 

3.4 

3.8 

IV 

2,900 

738 

323 

325 

480 

227 

105 

127 

6.0 

3.3 

3.1 

2.6 

Av. 

3,938 

747 

155 

171 

418 

140 

43 

59 

9.6 

5.7 

4.1 

3.4 


Total Ca, 

% (WF) 


Total Mg, 

%(WF) 


Tota 

1 Ca: total Mg = 

X:1 

I 

1.00 

0.94 

0.62 

0.59 

0.378 

0.648 

0.614 

0.580 

2.64 

1.45 

1.01 

1.02 

II 

1.05 

0.58 

0.51 

0.47 

0.591 

0.691 

0.530 

0.555 

1.78 

0.84 

0.96 

0.85 

III 

1.40 

1.46 

1.36 

1.21 

0.592 

0.643 

0.564 

0.580 

2.36 

2.27 

2.41 

2.09 

IV 

0.78 

0.42 

0.48 

0.45 ; 

0.534 

0.661 

0.685 

0.582 

1.46 

0.63 

0.70 

0.77 

Av. 

1,06 

0.85 

0.74 

0.68 

0.524 

0.661 

0.598 

0.574 

2.06 

1.30 

^ 1.27 

1.18 


Exch. Ca in % of total Ca 


Exch. Mg in % of total Mg 


Exchangeable E, p.p.m. 


^v. 38.5 I 11.5 2.9 I 2.9 8.07 j 2.10 j 0.67 j 1.02 

Exch. H, m.e. per 100 gm. Base capacity, ra.e. per 100 gm. 


10.1 9.5 
10.7 9.4 
14.6 13.0 

10.2 9.3 


15.7 8.1 7.3 
14.4 6.3 5.0 
16.2 8.2 3.9 
13.9 7.5 5.9 


293 

217 

35 

; 35 

217 

: 151 

19 

12 

247 

116 

43 

' 25 

168 

69 

30 

30 





231 

138 

32 

25 


% Saturation 



10.3 


6.1 


30.5 


15.1 


7.5 
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TABLE 2 — Continued 


PROFILE 

CASTS Ai Aa 


CASTS 

Ai 

As Bi 

CASTS 

Ai 

As 

Bi 


Moisture equivalent, ' 

% 

Total colloids, % 


Clay, 

% 


I 

48.4 27.4 19.9 

19.0 

13.0 

13.0 

6.2 25.2 

8.8 1 

8.2 

5.6 

14.8 

II 

61.2 31.2 18.5 

15.4 

17.8 

18.0 

7.8 31.6 

10.0 

10.8 

4.0 

22.0 

III 

49.6 26.8 18.1 

12.6 

21.6 

24.2 

13.0 32.0 

12.8 

15.6 

6.6 

21.6 

At 

52.2 35.1 24.4 

20.1 

26.4 

26.2 

17.6 30.4 

18.4 

15.6 

8.4 

20.8 

Av. , 

52.9 '30.1 20.2! 

16.8 

19.7 

20.4 

11.2 29.8 

12.5 

12.6 

6.2 

19.8 


* IFF values are on a water -free basis. 


close, and differences between horizons are obviousty highly significant. The 
higher contents of nitrogen, organic carbon, and exchangeable calcium in the casts 
were even more pronounced here than they were in the field soil, particularly when 
the As horizon is considered. The Ai and A 3 together correspond roughly to 
the 0 - 6 -inch layer of the cultivated soil. On the other hand differences in avail- 
able phosphorus and exchangeable potassium and magnesium were distinctly 
smaller than in the field soil. Total magnesium content was actually lower in 
the casts than in the Ai. There was no essential difference in either the total 
cplloids or the clay content of the casts as compared with the Ai horizon, but 
both were considerably lower in the As. 

: In comparison with the cultivated soil, the forest soil casts were much higher 
in nitrogen, carbon, exchangeable calcium, and moisture-equivalent values. 
The higher proportion of exchangeable calcium to exchangeable magnesium in the 
upper horizon of the field soil was not observed in the forest soil, nor was there any 
such relation between total calcium and total magnesium in either soil. The pro- 
portion of calcium that was in exchangeable form was about the same in the casts 
aS; it was in the Ax horizon in the field soil, but in the forest soil the proportion in 
the : casts was distinctly higher than in the A horizons. The proportion of 
magnjesium that was exchangeable was definitely higher in the casts in both soils. 
■'Th all cases the pH of the casts was higher than in the parent soil. Nitrate 
nitrogen was not determined on the forest soils. Lime applied sometime in the 
past to the cultivated soil had raised the pH, total calcium, and, with one excep- 
tion, the exchangeable calcium content of all horizons considerably above the 
corresponding values found m the forest soils. 

DISCUSSION 

Soil in which earthworms are active is invariably in better physical condition 
than is similar soil without earthworms. Though it is the opinion of some that 
the worms are present because of the favorable soil conditions, there is sufficient 
evidence ( 1 , 3, 8 , 10) to indicate that earthworms do very definitely improve soil 
structure by increasing aggregate content and porosity, thus facilitating aeration, 
water absorption, root penetration, and drainage. Stockli ( 10 ) reported that 
casts contained no particles larger than 2 mm. in diameter and that in some cases 
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particle size was reduced by means of a rubbing action inside the digestive tract 
of the worm. Mechanical analyses of our samples showed no essential differences 
in the texture of casts and topsoil. 

From the biological standpoint, casts have been found to contain a much larger 
bacterial population than the unworked soil (10). 

The data bn chemical properties herein reported confirm those published by 
Powers and Bollen (5) and by Puh (6), with one notable difference in Puh^s work. 
She found the casts to be markedly higher in total calcium but not in exchange- 
able calcium. No explanation for this difference was given. 

Only a cursory examination of the data is needed to show the higher fertility 
status of the casts. What is the explanation? Is it due to substances brought up 
from the subsoil, or can it be attributed to direct action of the worms on the soil 
material? To answer these questions, it is necessary to examine the habits of 
earthworms. They make their tunnels, in part, by pushing the earth away on all 
sides, but mostly by swallowing it and depositing the excrement at the surface. 
In dry or cold weather they retire to considerable depth— 4 to 6 and even 8 feet. 
In favorable weather they are active in the top 6 or 8 inches of soil. Their food 
consists of plant and animal remains on the surface and in the upper layers of the 
soil; and apparently some nutriment is obtained from the soil itself. In the 
light of these facts it is interesting to speculate as to what would happen in an in- 
verted profile, i.e., with the A and C horizons reversed. The fact that worm 
casts are less acid (or less alkaline in alkaline soils) than the soil even where the 
worms are confined to the surface soil (6, 9),^ shows what the change in reaction 
is not dependent upon the transporting of less acid (or less alkaline) subsoil to 
the surface. Burrowing in the subsoil is done only to provide living quarters dur- 
ing unfavorable weather. It would appear, therefore, that the amount of sub- 
soil carried to the surface is relatively small. If the subsoil is calcareous, the 
amount of such material brought to the surface might, over a long period of time, 
be sufficient to increase the calcium (and perhaps magnesium) content of the sur- 
face soil. Likewise, if the subsoil contained a higher concentration of any other 
material, it might influence the composition of the surface soil. 

The main benefit, chemically (and biologically), of earthworm activity is the 
digestion of plant material and its intimate mixing with mineral soil. The con- 
centration of the principal plant-food elements (except K) in the plant is con- 
siderably higher than it is in the soil. For example, in southern New England, 
forest tree leaves contain in the neighborhood of 0.5 to 2.5 per cent N, O.I to 0.5 
percentP,0.6 to 2.0per cent K,and 1 to 4 per cent Ca; whereas the amount in the 
soil averages about 0.2, 0.08, 1.5, and 0.5 per cent respectively, only a fraction of 
which is available to the plant. Both the mechanical naixing and the action of 
digestive secretions favor the decomposition of the organic matter and of soil 
minerals. The resultant product contains a lower concentration of plant-food 
than the plant residues but a higher concentration than the soil. The process 
may be likened to the consumption of grass, hay, and grains by cattle and the 
subsequent return of the manure to the soil, — ^with this difference, however. The 
cattle (or the milk from cows) are sold from the farm, resulting in net loss to the 
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soil of a certain amount of plant-food. Also, some losses occur in the manure be- 
fore it is incorporated with the soil. The earthworm, on the other hand, dies in 
the soil and its decomposed body returns plant-food to the soil without loss. It 
has been found that the increased nitrification that takes place when earthworms 
are introduced into the soil is due, in part at least, to the decomposition of their 
own bodies (6, 8). Russell (8) reported the nitrogen content of worms to be 1.5 
to 2.0 per cent or about 10 mgm. of N per worm. 

That yields may be increased by the presence of earthworms has been demon- 
strated in pot culture studies (5, 8). On a field scale, however, no accurate 
quantitative comparisons have been made, to the knowledge of the writers. 
Inasmuch as any practice that favors earthworm activity is also favorable to 
plant growth, it is extremely difficult in the field to determine to what degree the 
worms are responsible for any increase in yields or improvement in quality of the 
crop. Obviously one should avoid any practice that would materially reduce 
earthworm activity. Whether or not it is practicable deliberately to increase the 
worm population is another question and one which still lacks an answer. 

SUMMARY 

Samples of earthworm casts and of unworked soil from several depths were col- 
lected from a cultivated field and from four forested areas and subjected to chemi- 
cal and mechanical analyses. 

At the time of sampling, the field soil contained approximately three casts to 
the square foot, averaging 2 ounces each, or 16,000 pounds to the acre. 

In the field soil, casts contained less exchangeable hydrogen and a lower clay 
content than the O-O-inch layer; but the casts had higher pH values and were 
higher in total and nitrate nitrogen, organic matter, total and exchangeable cal- 
cium, exchangeable potassium and magnesium, available phosphorus, base ca- 
pacity, base saturation, and moisture equivalent. Total magnesium was about 
equal in all samples. 

Forest soil samples showed similar but even more striking results. Forest soil 
casts were higher in nitrogen, organic carbon, and exchangeable calcium, and had 
a higher moisture equivalent than the casts from the field soil. 

These changes in composition as the result of earthworm activity are due 
chiefly to the intimate mixing of plant and animal remains with mineral soil in 
the digestive tract of the worm and to the action of digestive secretions on the 
mixture. That earthworms are beneficial to the soil has been established beyond 
a doubt. Conditions favorable to the worms, however, are at the same time fa- 
vorable to plant growth, and quantitative measurements under field conditions of 
the part the worms play in crop production have not as yet been obtained. 

EEFERENGES 

(1) Blanck, E., and Giescke, F. 1924 [On the influence of earthworms on the physical 
and biological properties of the soil.] Ztschr. Pfianzenernahr , Diingung, w. 
Bodenk, 3 (B): 198-210, (Abstract in Exp. Sta. Rec, 54 : 718. 1926.) 



COMPOSITION OP EAETHWOKM CASTS 375 

(2) DakwiNj C. 1837 The formation of vegetable mould through the action of worms. 

Trans. Geol. Soc. (London) 5: 505. [Also in book form: D. Appleton and Co., 
New York. 1882.] 

(3) Hensen, V, 1882 tJber die Fruchtbarkeit des Erdbodens in ihrer Abhangigkeit 

von den Leistungen der in der Erdrinde lebenden Wiirmer. Landw. Jahrh. 
11: 661-698. 

(4) Lindquist, B. 1941 [Investigations of the importance of some Scandinavian earth- 

worms for the decomposition of broadleaf litter and for the structure of mull.] 
(In Swedish, German summary.) Svensk. Skogsvdrdsfdr. Tidskr. 39: 179-242. 
(Abstract in Biol. Ahs. D16, entry 6276.) 

(5) PowEES, W. L., AND Bollen, W. B. 1935 The chemical and biological nature of 

certain forest soils. Soil Sci. 40 : 321-329. 

(6) Puh, P. C. 1941 Beneficial influence of earthworms on some chemical properties of 

the soil. Sci. Soc. China, Biol, Lah. Contrib., Zool. Ser. 15: 147-155. 

(7) Eobeetson, J. D. 1936 The function of the calciferous glands of earthworms. 

Jour. Exp. Biol. 1Z:27Q~2Q7. 

(8) Eussell, E. J. 1910 The effect of earth-worms on soil productiveness. Jour. Agr. 

Sci. Z: 2m-257. 

(9) Salisbuey, E. j. 1924 The influence of earthworms on soil reaction and the stratifi- 

cation of undisturbed soils. Jour. Linnean Soc., Bot. 46: 415-425. 

(10) Stockli, a. 1928 Studien fiber den Einfluss des Eegenwurm auf die Bes chaff enheit 
des Bodens. Landw. Jahrh. Schweiz 42; 5-121. 











THE INFLUENCE OF TEMPERATURE ON THE 
MICROFLORA OF THE SOIL 

J. E. GREAVES and L. W. JONES 
Utah State Agricultural College 
Received for publication July 10, ISii 

The number, kind, and physiological efficiency of the microflora of a soil are 
the resultant of numerous factors. The physical, chemical, and biological 
properties of the soil together with the interaction of climate, season, moisture, 
and temperature are constantly at work. The first six factors have received 
considerable attention from research workers, but the influence of temperature 
on the enduring microflora of the soil has been studied but little. 

The number of bacteria in the soil varies considerably with the season of the 
year. Cutler, Crump, and Sandon (6) noted the general level of numbers to be 
highest in spring and autumn. Wakesman (26), on the other hand, found that 
maximum bacterial numbers varied with different soils throughout the year; no 
two soils showed their maximum bacterial content at the same sampling. Rus- 
sell (22) reported that numbers of soil bacteria are somewiiat unresponsive to 
changes in temperature vdthin the limits of trophic life. He found an hourly 
fluctuation, and numbers showed no relationship to temperature or moisture 
content. Cutler and Crump (7, p. 18) concluded that increased temperature 
tended to lower the numbers, whereas increased moisture content appeared to 
raise them. Conn (5) found that freezing the soil greatly increased the numbers 
of bacteria, a result never adequately explained. Ptussell and Hutchinson (21), 
using soils stored under carefully controlled conditions at temperatures of 5“12°, 
20°, 30°, and 40°C., found that the numbers of bacteria in untreated soil had in 
the main a downward trend as the storage temperature increased. 

Investigations of the influence of temperature on ammonification are limited in 
scope. Marchal (18) worked with solutions and found that only traces of am- 
monia were produced from 0° to 5°C., with a maximum production at 30°C. 
According to Panganiban (20), ammonia production occurs between 15° and 
60°C., and he considered thermophilic microorganisms to be very active at 
higher temperatures. 

More extensive studies have been made on the influence of temperature on 
nitrification. Deherain (8) found nitrification very slow at 5°C. Plutchinson 
(13) reported the optimum temperature for nitrification in Pusa soil to be 35°C. 
He found no nitrate produced at 40°C., and nitrification did not take place in soil 
which had been kept at 40°G. and later reduced to 30°C. Von Bazarewski (1) 
reported the most favorable temperatures in artificial media for nitrification to be 
between 25° and 27°C., or about 10° lower than in pure cul^es. King and 
Whitson (44) found an accumulation of 120 pounds of nitric nitrogen per acre at 
1°C.; 150 pounds per acre at 9°C.; 329 pounds per acre at 20^0,, and 747 pounds 
per acre at 35°C. Lohnis and Green (17) found that temperatiiTes^a tweeu 30° 
and 35°C. suppressed the conversion of nitrites into nitrates. The optimum for 
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nitrification they found to be between 22° and 28°C. Schlosing and Muntz (23) 
reported that nitrate formation proceeded very slowly at 5°C; at 20°C. it was 
appreciable; and at 37°C. it reached its optimum. Guistiniani (11) considered 
the minunum for nitrate formation to be 4°C. and the optimum between 35° and 
37°C. The higher temperature is the one Boullanger and Massol (3) considered 
optimum. It is thus evident that there is a wide divergency of views as to the 
optimum temperature and little is known concerning the enduring influence of 
temperature on nitrification. 

The influence of temperature on nitrogen fixation has been rather extensively 
studied. Berthelot (2) early recognized that the biological gain of nitrogen in 
soils is dependent upon a suitable temperature, between 10° and 40°C. Kreze- 
meniewski (16) found the optimum temperature for Azotobacter to be 28°C., and 
the limits to lie between 9° and 33°C. Walton (27) observed in Indian soils that 
fixation was usually greater at 30° than at 20°C.; however, in six cases out of 
seventeen he found it to be highest at 20°C. According to Heinze (12), nitrogen 
fixation is most active between 20° and 30°C., but appreciable quantities are 
fixed at 8° to 10°C. Koch (15) obtained fixations of 3, 11, and 15.5 mgm. of 
nitrogen in 100 gm. of soil when incubated with a carbohydrate at 7°, 15°, and 
24°C. respectively. Traaen (25) using a loam soil with optimum moisture ob- 
tained nearly as great a fixation at 13° as at 25°C. 

There is some evidence that the optimum temperature for the various biologi- 
cal activities is influenced by the climate of the region. Tandon and Dhar (24) 
found the optimum temperature for nitrate producers in tropical soils to be 35° 
as against 25°C. in temperate climates. Mischustin (19) observed that optimum 
temperatures for soil bacteria depend upon the soil from which the organisms 
were isolated; bacteria from soils of colder climates were capable of grovung at 
lower temperatures than bacteria from soils of warm climates. 

It is evident from the preceding summary that the numbers and activities of 
the microflora of a soil are dependent upon the incubation temperature of the soil, 
but specific information is lacking as to whether the microflora becomes ac- 
climated to temperature and is more or less permanently modified by it. A 
knowledge of the enduring effect of temperature on the microflora of the soil is 
important. Farmyard manure applied to a soil may add new microorganisms 
and modify its temperature. Summer fallowing enables soils to reach com- 
paratively high temperatures during the summer months (4). If, because of 
these and other factors, a thermophilic microflora results, and the organisms find 
their way from the beet into the sugar and then into processed fruits and vege- 
tables, new problems in the canning industry are raised. Hence this work was 
planned to answer the question: What influence has storage of soils for months 
at varying temperatures on the numbers of microorganisms and on the ammoni- 
fying, nitrifying, and nitrogen-fixing activities of soil? Thus to future work is 
left the problem of thermophils and psychrophils in such soils. 

EXPERIMENTAL METHODS 

Four different soils were sampled, air-dried, and passed through a 20-mesh 
sieve. Each soil sample was divided into four subsamples as follows : soil I — 1, 1 A, 
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IB, and 1C; soil II~2, 2A, 2B, and 2C; soil III~3, 3A, 3B, and 3C; and soil IV— 
4, 4 A, 4B, and 4C. All subsamples were carefully weighed into pans having a 
diameter of 11 inches and a depth of 3| inches. Each pan contained 2,000 gm. 
of soil (dry basis) which filled it to a depth of approximately 2 inches. The 
water-holding capacit}^ of each sample was determined, and suflicient water added 
to bring the soil to 50 per cent of its capacity. Subsamples 1, 2, 3, and 4 were 
stored in an incubator at 10'"C.; lA, 2A, 3A, and 4A, at 20‘"C.; IB, 2B, 3B, and 
4B, at 30^C.; and 1C, 2C, 3C, and 4C, at dO'^C. Temperatures were checked in 
each incubator with recording thermometers and found to remain constant. 
Moisture in soils kept at 40°C. was checked every other day and brought up to 
original weight; that of soils at 30°C., twice a week; that of soils at 20°C., weekly; 
and that of soils at 10°C., every 2 weeks. 

At the end of 6-, 12-, 18-, and 24-month storage periods the samples were re- 
moved from the pans, with the exceptions noted below, and were air-dried and 
then thoroughly mixed. At each period, plate count, ammonification, nitrifica- 
tion, and nitrogen fixation determinations were made on each subsample, and re- 
sults were calculated to a dry basis. Soils stored at 40°C. showed a marked de- 
cline in their bacterial activities at the end of the 12-month period; hence this 
part of the experiment was terminated. Ammonification, nitrification, and ni- 
trogen fixation determinations were made by the solution method at the end of 6, 
12, and 18 months. The determinations including the plate count are described 
in a previous article (10). Five replicates were run on each subsoil, and the 
plates were incubated at 30°C. Ammonification, nitrification, and nitrogen 
fixation also were determined by the tumbler method (9) at the end of 24 months, 
when incubation was at 20 ° and 30°C. 

As shown in table 1, the soils varied in nitrogen content from 0.07 to 0.27 per 
cent, and in water-holding capacity from 35 to 54.7 per cent. 

< KESULTS 

The soil counts in millions of microorganisms at the beginning of the experi- 
ment v/ere: clay loam 3.84, sandy loam 4.38, dark loam 10.16, light loam 3.90. 
Hence, as shown in table 2, there was a highly significant difference in the num- 
bers of microorganisms developing from the dark loam as compared with any of 
the other soils. The other soils did not show great difference in numbers. 

The average differences between means of soil stored at 10^ and at 30° or 
40°C. were highly significant, whereas the difference between other temperatures 
just approached significance. 

The average mean difference in the microbiological count of the clay loam as 
compared with either the sandy loam or the light loam was significant and ap- 
proached the highly significant point. A 

Hence we have within the various soils a significant difference in bacteria, a 
difference which is maintained until a temperature of 40°C. is reached. The 
change occurring at the higher temperatures must be the result of selective action 
and not of dormancy, as these soils still showed low counts when plated and the 
plates incubated at varying temperatures. This is evident from table 3, in which 
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are reported only the mean numbers of colonies obtained from all the soils stored 
at varying temperatures for 2 years and then incubated at 20° or 30°C. 

The storage of these soils at 10°C. had a highly significant effect upon the 
numerical content of microorganisms which would develop upon synthetic glu- 
cose agar. In the soils that had been stored at 10° or 20°C. the numbers of or- 
ganisms which developed when incubated at 20° and at 30°C. were very different 
In soils stored at 30°C., the number had decreased, and most of the surviving 
organisms developed equally well at incubation temperatures of either 20° or 


TABLE 1 

Nitrogen content and water-holding capacity of soils 


SOIL NUMBER 

SOIL TEXTURE 

t NITROGEN j 

WATER-HOLDING CAPACITY 
PER 100 GM. 



t per cent 

ml. 

I 

Clay loam 

0.16 i 

47.7 

II 

Sandy loam 

0.07 i 

35.0 

III 

Dark loam 

0.27 

54.7 

IV 

Light loam 

0.17 . 

44.9 


TABLE 2 


Average number of microorganisms in soil, developing in 5 days at S0°C. on synthetic glucose 
agar, determined after 6-, 12-, and 18-month storage periods 


STORAGE 


MICROORGANISMS, IN MILLIONS PER GRAM 


TEMPERATURE 

Clay loam 

Sandy loam 

Dark loam 

Light loam 

Storage 

temperature mean 

X. 

10 

' 23.10 

4.01 

10.83 

3.81 

10.44 

20 

7.91 

3.67 

9.32 

2.38 

5.82 

30 

2.92 

2.35 

5.16 

1.56 

3.00 

40 

1.69 

1.88 

2.48 

1.48 

1.88 

Soil mean. . . 

8.91 

2.98 

6.95 

2.31 



5 per cent level of significance for storage temperature mean 4.24 

1 per cent level of significance for storage temperature mean 5.95 

5 per cent level of significance for soil mean .... 4.90 

1 per cent level of significance for soil mean , 5,95 


30°C. The results warrant the conclusion that the storage of these soils at 
various temperatures for 2 years modifies the numerical content of micro- 
organisms which will develop on synthetic glucose agar. Hence it is highly prob- 
able that the number of microorganisms within a soil is a function of the tem- 
perature of the soil prior to its plating and that these differences are great enough 
to be measured by the plate method. 

The ammonia production of the various soils on inoculation into peptone solu- 
tion when first brought to the laboratory was: clay loam 76.3 mgm., sandy loam 
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91 .5 mgm., dark loam 96.5 mgm., and light loam 87.5 mgm. Hence, all soils had 
an active ammonifying microflora but not so different as is often found in field 
soils. As shown in table 4, there is a highly significant difference in the mean 
concentration of ammonia found within the various soils after storage, however; 
the mean difference at the various storage temperatures is also highly sig- 


TABLE3 

Mean number of colonies developing from four soils stored at different temperatures for 2 years ^ 
then plated and incubated at 20° and S0°C. 


STOHAGE TEMPERATURE 

INCUBATION TEMPERATURE 

MEAN NUMBER OP COLONIES 
AT INCUBATION TEMPERATURE 

MEAN NUMBER OP COLONIES 
AT STORAGE TEMPERATURE 


*c. 



10 

20 

1.84 

2.67 


30 

3.49 


20 

20 

0.62 

0.93 


30 

1.24 


30 

20 

0.42 

0.59 


30 

0.77 



5 per cent level of significance for storage temperature mean — 

1 per cent level of significance for storage temperature mean — 

5 per cent level of significance for incubation temperature mean 

1 per cent level of significance for incubation temperature mean 


TABLE 4 

Average ammonia production per gram of soil inoculated into peptone solution, incubated 
at 30°C. for 72 hours, determined at intervals of 6, 12, and 18 months 


STORAGE 

TEMPERATURE 

AMMONIA PRODUCED 

Clay loam 

Sandy loam 

Dark loam 

Light loam 

Storage 

temperature mean 

T. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

10 

104.1 

95.8 

73. S 

110.3 

95.9 

20 

99.0 

92.8 

65.9 

105.2 

90.7 

30 

94.9 

87.9 

59.8 

96.4 

84.8 

40 

76.0 

75.0 

56.8 

93.4 1 

75.3 

Soil mean 

93.5 

87.9 

64.0 

101.3 



1 per cent level of significance for temperature mean, 
1 per cent level of significance for soil mean. .... — 


nificant. This indicates that the amount of ammonia produced within these 
soils is a function of the temperature at which they have been held. The great- 
est concentration of ammonia was obtained in the samples that had been stored 
at W; and the lowest, at 40'^C. The accumulation of ammonia at 10°C. is prob- 
ably largely the result of a retarding of the processes which transform aihmonia 


0.58 

0.88 

0.82 

1.25 
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into nitrates or proteinaceous nitrogen. On the other hand, the smaller quanti- 
ties found at 40°C. may have been caused by a sloAving down of ammonification, 
a recession of nitrification, and possibly a speeding up of synthetic reactions. 
Hence it may be concluded that the ammonifying powers of soils may be changed 
by long keeping at various temperatures, but this factor may not be sufficient to 
obliterate differences resulting from the chemical and physical composition of a 
soil. 

Results of the determinations of ammonification by the tumbler method after 2 
years storage are presented in table 5. There was a highly significant difference 
in the means of ammonia obtained from the soils stored at the various temper- 
atures. The recovery was highest in the soils stored at lO^C. and lowest in 
the soils stored at 30°C. The incubation temperature likewise had a highly 
significant effect upon the ammonia produced. This was invariably higher at 

TABLE 5 


Ammonia recovered per gram from soils stored at different temperatures for ^ years and then 
incubated in tumblers with dried blood for 7 days 


ST01L4,GE TEMPEKATtTRE 

] 

INCUBATION TEMPERATURE 

MEAN RECOVERY OF NHs AT 
INCUBATION TEMPERATURE 

ME*4N RECOVERY OF NHa AT 
STORAGE TEMPERATURE 

®c. 

^C. 

mgm. 

mgm. 

10 

20 

73.6 

101.3 


30 

129.0 


20 

20 

68.8 

91.8 


30 

124.8 


30 

20 

63.0 

82.5 


30 

111.9 



1 per cent level of significance for storage temperature mean 2.1 

1 per cent level of significance for incubation temperature mean 2.3 


1 per cent level of significance for storage temperature mean 2.1 

1 per cent level of significance for incubation temperature mean 2.3 


30°C. than at 20°C. Hence it appears from these results that 2 years’ storage at 
10°, 20°, or 30°C. has so profound an influence upon the ammonifying microflora 
of these soils that it is not obliterated by incubation with dried blood for 7 days 
at20°or30°C. 

At the beginning of the experiment the nitrifying powers of three soils — clay 
loam 17.3 mgm., sandy loam 17.8 mgm., and dark loam 18.0 mgm.— were not 
greatly different, but the light loam had a distinctly different nitrifying power, as 
it yielded onlyfi.S.mgm of nitrates. After storage at 40°C., the nitrifying powers 
of all soils had been significantly decreased, as shown in table 6. There was also 
a lower accmnulation of nitrates in the soil stored at 10°C. than in those stored at 
either 20° or 30°C. It may be concluded that the nitrifying powers of the soils 
were changed by storage for 18 months at either 10° or 40°C. Apparently 20° 
and 30°C. were without effect and both temperatures are equally satisfactory for 
the maintenance of soils at a high nitrifying power. Apparently a temperature 
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of 40°C. had destroyed the nitrifying microorganisms in the dark loam and the 
light loam, as repeated tests failed to give any nitrifying activity. This however, 
was not the case with the clay loam or the sandy loam. 

The nitrifying powers of each of these soils were determined by the tumbler 
method at 20° and 30°C. at the end of two years, and the means are reported in 
table 7. It can be seen that the mean difference in the nitrate produced in soils 

TABLE 6 


Average nitrate production per gram of soil inoculated into ammonia medium and incubated at 
S0°C. for 21 days, determined at intervals of 6, 12, and 18 months 


STORAGE 

NITRATE PRODUCTION 

TEMPERATURE 

Clay loam 

Sandy loam 

Dark loam 

Light loam 

Storage 

temperature mean 

"C. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

10 

16.7 

19.2 

16.5 

5.7 

14.5 

20 

18.4 

19.3 

18.9 

13.6 

17.6 

30 

18.2 

18.4 

17.1 

17.0 

17.7 

40 

15.4 

10.5 

0.0 

o 

o 

6.5 

Soil mean 

17.2 

16.8 

13.1 

9.1 





1 per cent level of significance for storage temperature mean 2.8 

5 per cent level of significance for soil mean 2.3 


1 per cent level of significance for storage temperature mean 2.8 

5 per cent level of significance for soil mean 2.3 


TABLE 7 


Nitrate recovered per gram from soils stored at different temperatures for 2 years and then 
incubated in tumblers with dried blood for 21 days 


STORAGE TEMPERATURE 

INCUBATION TEMPERATURE 

MEAN RECOVERY OP NO 3 AT 
INCUBATION TEMPERATURE 

MEAN RECOVERY OF NO* AT 
STORAGE TEMPERATURE 

r. 

X. 

mgm. 

mgm. 

10 

20 

34.0 

29.7 


30 

25.5 


20 

20 

30,6 

28.7 


30 

26.9 


30 

20 

39.4 

38.5 


30 

37.6 



5 per cent level of significance for storage temperature mean 11.3 


stored at 10° or 20°C. and in those stored at 30°C. approached significance, but 
the highest nitrification occurred in soil stored at 30°C. The influence of incuba- 
tion temperature upon the soils was erratic; more nitrate was produced in the 
soils stored at 10° and 20°C, when incubated at 20°C., but in the soils stored at 
30°C. there was no significant difference between incubation at 20° and at 30°C. 
This tends to indicate that storage tem^rature has a more lasting effect upon 
ammonification than it has upon nitrification. 
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The nitrogen-fixing powers of the various soils at the different tenoiperatures 
are presented in table 8. 

The nitrogen-fixing powers of the various soils at the beginning of storage were : 
clay loam 9.2 mgm., sandy loam 10.9 mgm., dark loam 10.2 mgm., and light 
loam 5.9 mgm. nitrogen. The difference in the nitrogen-fixing powers of three of 

TABLE 8 


Average fixation of nitrogen per gram of soil inoculated into Greaves^ medium and incubated at 
30°C, for 21 days, determined at intervals of 6, 12, and 18 months 


STOKAGE 

TEMPERATURE 

NITROGEN riXED 

Clay loam 

Sandy loam 

Dark loam 

Light loam 

Storage 

temperature mean 

T. 

Mgm. 

1 mgm. 

mgm. : 

mgm. 

mgm. 

10 

9.4 

8.1 

9.5 

6.7 

8.4 

20 1 

10.1 

8.9 

9.2 

6.3 

8.6 

30 

9.2 

8.6 

10.1 

7.9 

9.0 

40 

7.9 

5.4 

7.7 

6.7 

6.9 

Soil mean 

9.2 

7.8 

9.1 

6.9 



5 per cent level of significance for storage temperature mean 0.78 

5 per cent level of significance for soil mean 0.90 


5 per cent level of significance for storage temperature mean 0.78 

5 per cent level of significance for soil mean 0.90 


TABLE 9 


Mean fixation of nitrogen per gram in soils stored for 2 years at different temperatures and then 
incubated in tumblers for 27 days with 2 per cent mannitol 


STORAGE TEMPERATURE 

INCUBATION TEMPERATURE 

N EIXED AT INCUBATION 
TEMPERATURE , 

N EIXED AT STORAGE 
TEMPERATURE 


X. 

mgm. 

mgm. 

10 

20 

5.1 

5.2 


30 

CO 


20 

20 

9.1 

9.2 


30 

9.3 


30 

20 

8.4 

8.8 


30 

9.3 



5 per cent level of significance for storage temperature mean. 0.38 

1 per cent level of significance for storage temperature mean 0.58 

5 per cent level of significance for incubation temperature mean. 0.54 

1 per cent level of significance for incubation temperature mean. 0,82 


the samples was slight, but the nitrogen-fixing power of the light loam was signifi- 
cantly lower than in the other soils. The storage temperature, with the exception 
of 40°C., had no significant effect upon the soils. These results are in accord 
with results obtained with alkali soils. Soil alkalies have a far-reaching effect 
upon nitrifiers but little or no effec# on the nitrogen-fixing microorganisms. 
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The nitrogen-fixing powers of these soils were also determined by the tumbler 
method after storage for 2 years at incubation temperatures of 20^ and 30°C. 
The mean values obtained are presented in table 9. 

The difference between nitrogen-fixed by soil stored at 10° and that stored at 
20° or 30°C. was highly significant. Low storage temperature has a lasting effect 
on the nitrogen-fixing powers of soil. The incubation temperature on the other 
hand, did not significantly affect the nitrogen-fixing powers . Hence the nitrogen- 
fixing power of a soil is a function of the storage temperature, and these results 
apparently bear out the conclusion that soil temperatures are high enough during 
a considerable period of the year to favor nitrogen fixation. 



Fig. 1. Plate Count, Ammonipication, Nitrification, and Nitrogen Fixation of 
Soils Stored for 6, 12, and 18 Months at 10°, 20°, 30°, and 40°C. 

The various microbiological processes at the beginning of the experiment were taken as 

100 per cent 


The mean summarized results for number of microorganisms, ammonification, 
nitrification, and nitrogen fixation at the beginning of the experiment and at the 
end of 6“, 12-, and 18-month periods ar^ presented in figure 1. The mean at the 
beginning in each process is taken as 100 per cent, and the relative percentages at 
the end of 6, 12, and 18 months are given. The storage of these soils at 10°C. 
increased the plate count, and the storage at 40°C. invariably decreased it. This 
also holds for ammonification. Nitrification was greatest at 20°G. at the end of 
6 months, and greatest at 30°C. at the end of 12 months, but by the end of 18 
months the 20° and 30° were the same. All bacterial activities were greatly re- 
stricted by the higher temperature. Nitrogen fixation was not greatly in- 




386 


J. E. GEEAVES AND L. W. JONES 


fluenced by storage temperature, except at 40°C. It is interesting to note that 
even after storage for 18 months at lO^C. the soils are still active nitrogen fixers. 

SUMMAEY 

Four different soils were stored for 24 months at 10°, 20°, 30°, and 40°C. and at 
the end of 6, 12, 18, and 24 months were analyzed for numbers of microorganisms, 
accumulation of ammonia and nitrates, and total gains in nitrogen. 

The storage of soils at different temperatures for 24 months changed the num- 
ber of microorganisms which developed on synthetic glucose agar. The greatest 
number developed when the soils had been stored at 10°C., and the fewest at 
40°C. 

The ammonifying powers of the soils tested were modified by storing for 24 
months at various temperatures. The accumulation of ammonia was greatest 
in soils which were stored at 10°C. and least in those stored at 40°C. This 
difference produced by storage was so great that it was not obliterated by in- 
cubating with dried blood for 7 days at 20° or 30°C. 

The storage of soils for 24 months at 10° or 20°C. produced a rather permanent 
change in their nitrifying microflora. In two out of the four soils stored at 40°C. 
the ability to produce nitrates had been lost. 

Storage of soils at 10°, 20°, and 30°C. for 24 months had no significant effect 
upon their nitrogen-fixing powers, but storage at 40°C. materially reduced their 
nitrogen-fixing powers. When tested by the tumbler method, however, storage 
at 10°C. was found to reduce greatly the nitrogen-fixing powers of the soils as 
compared with similar soils stored at 20° or 30°C. 

EEFERENCES 

(1) Bazaebwski, S. von 1908 Beitrage zur Kenntnis der Nitrifikation und Denitrifi- 

kation im Boden. JaJir. min, 2: 186. 

(2) Berthelot, M. 1892 Recherches nouvelles sur les microorganismes fixateurs de 

Pazote. Compt. Rend, Acad, Sci, [Paris] 115 : 569-574. 

(3) Boullanger, E., and Massol, L. 1903 Nitrifying bacteria. Jour, Chem. Soc. 

(Abs.) 84 (II): 679. 

(4) Bbaceen, a. F., and Greaves, J. E. 1941 Losses of nitrogen and organic matter 

from dry farm soils. Soil Sci. 51: 1-15. 

(5) Conn, H. J. 1914 Bacteria in frozen soils. N. Y, Agr, Exp, Sta, Tech, Bui. 35: 

3-20. 

(6) Cutler, D, W., Crump, L. M., and Sandon, H. 1922 Quantitative investigation of 

bacterial and protozoan population of soil with an account of the protozoan 

fauna. Roy. Soc. Phil. Trans. [London] 211 (B): 317-350. 

(7) Cutler, D. W., AND Crump, L. M. 1936 Problems in Soil Microbiology. Rotham- 

sted Monographs. Longmans, Green and Co., London. 

(8) Deherain, P. P. 1897 Sur la fixation et la nitrification de Pazote dan les terres 

arables. Compt. Rend. Acad. Sci. [Fans] 125 : 287-283. 

(9) Greaves, J. E., and Carter, E. G. 1916 Influence of barnyard manure and water 

upon the bacterial activities of the soil. Jour. Agr. Res. 6: 889-926. 

(10) Greaves, J. E., and Jones, L. W. 1941 The survival of microorganisms in alkali 

soils. Soil Sci. 52: 359-364. 

(11) Guistiniani, M. E. 1901 L’humidite des terres et la denitrification. Ann. Agron. 

27: 262-284. 


EFFECT OF TEMPERATURE ON SOIL MICROFLORA 


387 


(12) Heinze, B. 1906 On nitrogen assimilation by lower organisms. Landw, Jahrh. 

36 : 889-910. 

(13) Hutchinson, C. M. 1915 Report of the imperial agricultural bacteriologist, J. 

Agr. Res. Inst., Pusa, Sci. Bpts. 1914-15: 85. 

(14) King, F. H., and Whitson, A. R. 1901 Development and distribution of nitrates 

in cultivated field soils. Wis. Agr. Exp. Sta. Ann. Rpt. 18: 210-231. 

(15) Koch, A. 1907 Ernahrung der Planzen durch frei im Boden lebende Stickstoffsam- 

melnde Bakterien. Ber. Deut. Landw. Gessell. 22: 117-121. 

(16) Krzemeniewski, S. 1908 Investigations on Azotohacter chroococcum. Bui. Inter- 

nail. Aad. Sci. Cracovie Cl. Sci. Math. etNat. 9 : 929-1051. (Abs. in Exp. Sta, 
Rec. 22:221.) 

(17) Lohnis, F,, and Green, H. H. 1914 Ammonification and nitrification in soil and 

solution. Centbl. Bakt. (II) 40 : 457-459. 

(18) Marchal, E. 1893 The production of ammonia in the soil by microbes. Acad, 

Roy. Belg., Bui. Ser. 3, 25: 727-771. (Abs. in Exp. Sta. Rec. 5: 614-616.) 

(19) Mischustin, E. 1925 Untersuchungeniiberdie Temperaturbadingungen fiir bak- 

terielle Prozesse im Boden in Verbindung mit der Anpassungsfahigkeit der Bak- 
terien an das Klima. Centbl. Bakt. (II) 66 : 328-344. 

(20) Panganiban, E. 1925 Temperature as a factor in nitrogen changes of the soil. 

Amer. Soc. Agron. Jour. 17: 1-31. 

(21) Russell, E. J., and Hutchinson, H. B. 1913 The limitation of bacterial numbers 

in normal soils and its consequence. Jour. Agr. Sci. 5: 152-219. 

(22) Russell, E. J. 1937 Soil Conditions and Plant Growth, Ed. 7. Longmans, Green 

and Company, New York. 

(23) ScHLOSiNG, T., AND MuNTZ, A. 1879 Recherches sur la nitrification. Compt. 

Rend. Acad. Sci. [Paris] 89: 1074-1077. 

(24) Tandon, S. P., AND Dhae, N. R. 1934 Influence of temperature on bacterial nitrifi- 

cation in tropical countries. Soil Sci. 38: 183-189. 

(25) Traaen, a. E. 1916 tlber den einfluss der Feuchtigkeit auf die Stickstoffumset- 

zungen in Erdboden. Cent. Bakt. (II) 45: 119-135. 

(26) Waksman, S. a, 1916 Bacterial numbers in soils, at different depths, and in differ- 

ent seasons of the year. Soil Sci. 1: 363-380. 

(27) Walton, J. H. 1915 Azotohacter and nitrogen fixation in Indian soils. India 

Dept. Agr. Mem., B act. Ser. 1 (4): 97-112. 
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Experiment station chemists are confronted with unending requests for rather 
definite information on the nutrient requirements of the crops and soils of their 
states. A chemical analysis of a crop will tell the amount of nutrient elements 
removed from the soil, and an accurate determination of the total nutrient con- 
tent of the soil can also be made. The value of such absolute data is limited, 
however, because of the multiplicity of factors associated with the performance of 
a crop on a particular soil. In attempts to measure this so-called availability 
of nutrient elements, many methods have been developed and are widely used. 
Among these, chemical methods are prominent. The chemical methods are ad- 
mittedly empirical, and this is the substance of most objections to their use. In 
an attempt to overcome this objection, biological methods have been introduced, 
among which the Neubauer seedling test is important. 

An empirical method may be defined as one in which the conditions of the test 
determine its quantitative value. The question arises then as to whether the 
biological tests, as applied to soils, may not be just as empirical as the chemical 
tests. The standard recommendation for the Neubauer test is 100 rye seeds and 
100 gm. of soil, a 1 : 1 ratio, and a growing period of 15 days. Obviously the em- 
piricism of the method, if such exists, should be determined by the magnitude of 
the values obtained by modifying certain steps in the technic of the method, 
particularly the number of plants, the weight of soil, and the kind of seedlings 
used. Experiments were therefore conducted involving modifications in pro- 
cedure in which the number of seedlings was maintained at 100 and the weight of 
soil varied from 10 to 200 gm., in which the weight of the soil was maintained at 
100 gm. and the number of seedlings varied from 25 to 200, in which the absolute 
weight of soil and the number of seedlings were varied from 10 to 100 but the ratio 
of weight of soil to number of seedlings was maintained at 1:1, and finally in 
which a number of other crop seedlings were grown instead of rye. The regular 
Neubauer procedure was followed except for the modifications mentioned, and 
regardless of weight of soil used the total weight of sand and soil was 350 gm. and 
the growing period 15 days. 

The southwestern alkaline-calcareous soils used in these experiments have 
large reserves of phosphate, potassium, and calcium, for which the first has a low 
availability rating and the potassium and calcium have high availability ratings. 

EFFECT OP VARIATIOD^ IN WEIGHT OF SOIL 

In the first experiment eight soils were used, and the weight of soil varied from 
10 to 200 gm. with 100 seedlings in each culture. Two series of cultures were 
grown, in duplicate, in one of which 30.2 mgm. of PG4 was added. In these 
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fertilized soils the phosphate was added, in solution, to the soil, and the soil was 
allowed to dry in the air before being used in the cultures so as to simulate fixa- 
tion. The Neubauer values obtained in this experiment are given in tables 1, 2, 
and 3 for phosphate (PO 4 ), potassium (K), and calcium (Ca). 

TABLE 1 

Yariation in Neuhauer POi values with increase in weight of soil used in cultures 


PO4 VALUES 


WEIGHT 

OF SOIL 

Soil 

No. 1 

Soil 

No 2 

Soil 

No. 3 

Soil 

No. 4 

Soil 

No. 5 

Soil 

No. 6 

Soil 

No. 7 

Soil 

No. 8 

Mean 

gnu 

mgm. 

i 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 


Unfertilized series 


10 

0.5 

0.7 

1.5 

2.0 

2.6 

3.2 

1.5 

1.5 

1.7 

20 

2.1 

0.6 

1.6 

1.8 

6.1 

3.9 

0.6 

2.3 

2.4 

30 

3.0 


1.3 

3.1 

5.3 

3,2 

0.2 

2.7 

2.7 

40 

4.3 

1.3 

1.4 

1.4 

7.4 

4.6 

2.6 

3.4 

3.3 

50 

5.3 

1.9 

4.2 

1.6 

7.6 


1.8 

4.0 

3.8 

60 

5.4 

2.4 

5.4 

1.6 

6.5 

6.2 

2.4 

3.0 

4.1 

70 

4.0 

2,3 

4.4 

1.2 

5.5 

3.2 

0.6 

4.1 

3.2 

80 

6.0 

3.1 

4.5 

3.1 

9.4 

6.4 

2.4 

4.4 

5.0 

90 

7.7 

4.8 

5.1 

2.4 

10.7 

1 5.8 

2.2 

5.3 

5.5 

100 

6.4 

4.5 

4.7 

3.2 

10.2 

5.0 

2.3 

4.4 

5.1 

125 

6.8 

4.9 

5.4 

4.4 

9.0 

6.0 

2.0 

2.0 

5.1 

150 

5.3 

4.9 

5.9 

4.1 

10.0 

4.3 

1.0 

2.2 

4.7 

175 

6.0 

4.7 

7.0 

2.1 

10.9 

5.9 


2.0 

5.5 

200 

7.3 

4.5 

3.0 

4.1 

10.4 

5.6 

1.8 

1.9 

4.8 


Fertilized series 


0 

18.1 

12,2 

18.1 

19.0 

18.2 

16.3 



17.0 

10 

20,1 

23,3 

18.4 

20.1 

25.6 

19.4 



21.1 

20 

22.1 

23.9 

22.9 

21.5 

22.9 

20.2 



22.2 

30 

23.8 

22.3 

22.0 

18.6 

21.4 

17.8 



21.0 

40 

22.4 

26,4 

22.4 

21.8 

19,0 

19.4 



21,9 

50 

23.4 

25.3 

25.0 

20.0 

22.0 

20.1 



22.6 

60 

24.0 

23.8 

27.0 

19.1 

22.4 

20.2 



22.7 

70 


26.8 

25.6 

20.2 

22.4 

15.1 


.... 

22.0 

. , 80 

21,0 

25.9 

28.4 

20. d 

20.7 

16.6 



22.1 

90 

21.6 ! 

24.6 


17.5 . 

24.1 

17.6 



21.1 

100 

18.8 I 

22.8 

29.5 

16.5 

23,9 

17.8 



21.6 

125 

18.3 

25.9 


20.0 

19.6 

17.6 



20.3 

150 

19.1 

25.4 

23.0 

21.7 

21.8 

20.2 



21.9 

175 

21.5 

22.8 

25.5 

17.8 

20.1 

18.0 



21.0 

200 

21.3 

24.5 

25.9 

18.8 

20.2 

17.8 



21.4 


Phosphate, The absolute weight of soil which gave the highest Neubauer 
PO4 value varied from 40 to 175 gm. Five of the soils attained the Thornton 
minimum value of 5.3 mgm. PO 4 , but only one attained the Neubauer-Schneider 
minimum value of 10.6 mgm. PO4 even with 200 gni. of soil.^ Of the five soils 

1 Thornton, S. F. 1935 Soil and fertilizer studies by the Neubauer method. Ind, 
Agr. Exp. Sta. BuL 399. 
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that attained the Thornton minimum value, the absolute weight of soil at which 
this value was reached varied from 20 to 90 gm. The mean Neubauer values for 
the various weights of soil, given in the last column of table 1, show progressive 
increases in general, for the unfertilized soils, from 10 to 90 gm. of soil, beyond 
which there is no increase. This is true even for soils where the Neubauer values 

TABLE 2 


Variation in Neubauer K values with increase in weight of soil used in cultures 


WEIGHT 

K VALUES 

OF SOIL 

Soil 

Soil 

Soil 

Soil 

Soil 

Soil 

Soil 

Soil 

■« r 


No. 1 

No. 2 

No. 3 

No. 4 . 

No. 5 

No. 6 

No. 7 

No. S 


gm . 

mgm . 

mgm . 

mgm . 

mgm . 

mgm . 

mgm . 

mgm . 

mgm . 

mgm . 




Unfertilize 

d series 





10 

1.9 

2.2 

5.2 

5.9 

14.6 


13.2 

7.7 

7.2 

20 

6.8 

5.3 

13.2 

7.6 

23.5 


16.9 

11.5 

12.1 

30 

7.2 

6.7 

15.9 

12.5 

25.3 


15.8 

18.0 

14.5 

40 

9.4 

11.1 

18.1 

17.8 

28.8 


20.7 

21.8 

18.2 

50 

10.7 

12.0 

20.8 

18.3 

28.4 

20.0 

22.5 

18.0 

18.9 

60 

12.0 

12.9 

20.8 

24.1 

30.2 

24.5 

23.9 

19.9 

21.0 

70 

12.6 

12.0 

19.8 

21.0 

28.8 

24.0 


18.6 

19.5 

SO 

15.2 

12.9 

19.9 

27.2 

28.0 

25.4 

24.4 

18.6 

21.4 

90 

18.3 

15.4 

18.5 

27.1 

32.4 

24.1 

25.4 

19.9 

22.6 

100 

18.8 

19.5 

19.2 

27.7 

30.0 

24.9 

23.4 

19.9 

22.9 

125 

21.3 

17.4 

19.8 

26.3 

28.0 

22.3 

24.4 

19.9 

20.0 

150 

22.3 

20.9 

20.8 

25.3 

30.2 

18.8 

25.2 

22.7 

23.3 

175 

25.0 

22.2 

19.8 

24.5 

29.7 

25.8 


19.9 

23.8 

200 

26.2 

23.6 

16.5 

25.9 

30.1 

24.9 

25.2 

19.5 

23.9 

Fertilized series 

10 


5.6 

10.0 

8.0 

22.7 

7.1 



10.7 

20 

8.9 

10.7 

13.9 

11.5 

29.8 

10.2 



14.2 

30 

11.7 

11.5 

19.0 

12.4 

30.3 

9.8 



15.8 

40 

8.5 

16.0 

21.5 

15.1 

30.7 

15.1 



17.8 

50 

9.4 

17.8 

24.1 

14.2 

33.4 

13.4 



18.7 

60 

12.9 

18.6 

23.4 

15.1 

33.3 

14.2 



19.6 

70 

12.1 

23.1 

25.0 

19.5 . 

34.3 

16.5 



21.7 

80 

11.6 

23.1 

27.8 

20,4 

35.1 

19.1 



23.0 

90 

13.9 

22.6 


19.5 

33.4 

23.1 



22.5 

100 

16.1 

24.0 

28.6 

17.7 

41.0 

24.0 



25.2 

125 

16.1 

. 25.2 


23.8 

36.0 

27.0 



25.6 

150 

19.5 

29.3 

25.0 

21.8 

36.9 

29.9 



27.1 

175 

25.4 

31.1 

29.5 

17.7 


29.4 



26.6 

200 

27.2 

32.0 

30.4 

16.8 

37.8 

28.9 

, 


28.8 


are very low and despite the fact that the amount of available phosphate present 
in the culture at 200 gm. is more than twice that at the point where the curve of 
mean values levels off. In the fertilized cultures the mean Neubauer values do 
not vary appreciably with weight of soil. 

Potassium. The Neubauer K values are given in table 2. As with the PO4 
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values, there is considerable variation in the absolute weight of soil which gives 
the highest K value. All the soils attained the Thornton minimum value of 8*3 
mgm. K with 40 gm. of soil; with one exception, the Wheeting^ minimum K 
value of 11.6 mgm. K at 50 gm. of soil; and with three exceptions, the Neubauer- 
Schneider minimum value of 19.9 mgm. K at 100 gm. of soil. These results con- 
firm the high availability rating that has been given to the semiarid soils of the 
southwest. 

Calcium, The highest Neubauer Ca values also vary considerably with weight 
of soil. All these soils, except number 2, are calcareous. Negative Ca values 
are frequently obtained for alkaline-calcareous soils; that is, the seedlings from the 
soil cultures will often contain less calcium than the sand controls. In view of 
this, the values given in table 3 represent the total Ca per 100 plants and were not 
corrected for the sand controls. The mean Ca values indicate little or no 
additional uptake above 40 gm. of soil. 

ADDITIONAL MODIFICATIONS IN WEIGHT OP SOIL AND NUMBER OF SEEDLINGS 

In the next experiment only two soils were used, and both weight of soil and 
number of seedlings were varied according to the following outline: 


Number of seedlings 

Grams of soil 

10 

10 

30 

30 

50 

50 

100 

100 

25 

100 

50 

100 

150 

100 

200 

100 


As in the previous experiment, the combined weight of sand and soil was 350 
gm., and the seedlings were grown for 15 days. The values obtained from this 
experiment are given in table 4 as milligrams per number of plants grown in each 
culture and after calculation to a 100-plant basis. 

On maintaining the ratio of number of seedlings to grams of soil at 1:1 but 
varying the absolute number of seedlings and the weight of soil from 10 to 100, 
there is naturally an increase in milligrams uptake with increase in weight and 
absolute number of seedlings. When these are calculated to a per plant basis, 
and correction is made for the sand control, Neubauer values decrease with in- 
crease in weight of soil and number of seedlings. A similar relation exists when 
the soil is maintained at 100 gm. and the number of seedlings is varied from 25 to 
200. The milligrams uptake increases with increase in number of seedlings, but 
on a per plant basis the Neubauer values decrease mth increase in number of 
seedlings. 

®Wheeting, L. C. 1930 A study of methods for the determination of the available 
potassium in soils. Soil Sci. 29: 1-21. 



TABLES 

Variation in Neuhauer Ca values with increase in weight of soil used in cultures 

Unfertilized series 


OF SOIL 

Soil 

No. 1 

Soil 

No. 2 

Soil 

No. 3 

Soil 

No. 4 

Soil 

No. 5 

Soil 

No. 6 

Soil 

No. 7 

Soil 

No. 8 

Mean 

gm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 

mgm'. 

mgm. 

mgm. 

mgm. 

0 

3.0 

3.6 

6.1 

4.0 

2.6 

3.3 

4.6 

4.6 

4.0 

10 

3.1 

3.0 

6.5 

8.1 

6.6 

5.4 

6.4 

5.2 

5.5 

20 

5.9 

4.6 

6.4 

8.9 

3.3 

5.9 

6.4 

5.5 

5.9 

30 

5.7 

5.6 

9.4 

7.9 

2.6 

5.9 

8.0 

8.4 

6.7 

40 

7.1 

4.6 

12.7 

6.8 

5.8 

8.2 

5.7 

5.8 

7.1 

50 

8.1 

4.1 

7.4 

6.1 

3.4 

7.8 

7.5 

4.3 

6.1 

60 

6.7 

4.9 

12.9 

6.9 

4.3 

5.8 

9.0 

6.5 

7.1 

70 

3.1 

5.4 

10.4 

4.4 

4.1 

3.4 

6.7 

4.8 

5.3 

80 

3.6 

3.3 

17.4 

5.3 

4.5 

9.1 

7.0 

3.9 

6.8 

90 

9.4 

9.7 

12.0 

7.7 

4.2 

4.2 

7.1 

5.5 

7.5 

100 

9.2 

6.2 

8.6 

6.2 

3.7 

5.4 

9.7 

2.9 

6.5 

125 

3.3 

3.6 

3.4 

4.9 

3.3 

4.9 

5.6 

4.3 

4.2 

150 

7.8 

9.7 

7.6 

7.4 

5.7 

2.1 

8.0 

3.6 

6.5 

175 

5.4 

3.8 

8.9 

6.2 

4.6 

4.0 


4.8 

4.8 

200 

6.8 

6.0 

9.3 

5.5 

6.2 

7.5 

7.7 

5.3 

6.8 


TABLE 4 


Effect of variation in number of plants and weight of soil on Neuhauer values* 



K VALUES 

PO 4 VALUES 

Ca VALUES 

WEIGHT OF SOIL— NUMBER OF PLANTS 

Per 

culture 

Per 

100 plants 

Per 

culture 

Per 

100 plants 

100 PLANTS 


• 

mgm. 

mgm. 

mgm. 

mgm. 

mgm. 


Soil No. 5 


Sand 



25.3* 


28.3* 

4 . 6 * 

10 gm- 

soil — 10 seedlings 

7.5 

75.0 

4.2 

42.0 

19.0 

30 

— 30 

17.3 

i 57.7 

10.8 

36.0 

10.0 

50 

— 50 

26.6 

53.2 

18.9 

37.8 

6.8 

100 

—100 

51.1 

51.1 

33.2 

33.2 

5.5 

100 

— 25 

13.8 

55.2 

9.0 

36.0 

22.0 

100 

— 50 

25.8 

51.6 

16.5 

33.0 

9.2 

100 

—150 

61.3 

40.8 

46.3 

30.8 

2.7 

100 

—200 

73.7 

36.8 

59.2 

29.6 

4.0 


Soil No, 3 


Sand 



22 . 2 * 


27.4* 

5.9* 

10 gm. 

soil — 10 seedlings 

9.8 

98.0 

5.1 

51.0 

16.0 

30 

— 30 

17.6 

58.8 

10.3 

34.3 

12.4 

50 

— 50 

26.4 

52.8 

1 20.6 

41.2 

18.0 

100 

—100 

45.3 

45.3 

32.2 

32.2 

12.5 

100 

— 25 . 

15.8 

63.2 

9.9 

39.6 

12.8 

100 

— 50 

25.8 

51.6 

17.2 

34.4 

9.4 

100 

—150 

65.3 

43,6 

46.7 

31.2 

9.2 

100 

—200 

80.0 

40.0 

62.0 

31.0 

3.8 


* Values for sand control are given but are not subtracted from values obtained with 
soils. 
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DISCUSSION OF DATA 

Modifications in the Neubauer seedling test involving changes in absolute 
weight of soil but maintaining the number of seedlings constant at 100 yielded 
rather significant data. The mean PO4 values in general increase steadily with 
increase in weight of soil up to 90 gm. and do not increase beyond this with in- 
crease in weight of soil. It is significant that all the PO4 values for the eight 
soils used are low and that these values were not increased by increasing the weight 
of soil above 100 gm., despite the fact that the amount of available phosphate was 
thereby increased. Yet the PO4 values were increased by adding a phosphate 
fertilizer to the soil. In Arizona soils, there are several major factors which in- 
fluence uptake of PO4 by plants. These are the physical condition of the soil, the 
calcium carbonate content, and the pH and degree to which the pH is buffered. 
By mixing or diluting the soil with silica sand the influence of all three of these is 
minimized; that is, aeration for the heavy soils is improved, the absolute weight 
of CaCOs is reduced, as is also the buffer capacity. These are all at a minimum 
when 10 gm. of soil is used, and increase with increase in weight of soil, and ap- 
parently above 100 gm. of soil these factors inhibit any further uptake of PO4 un- 
less phosphate fertilizer is added. 

By reducing both the number of seedlings and the weight of soil and main- 
taining a 1:1 ratio, a greater relative uptake of PO4 is attained by the lesser 
number of plants growing in smaller weights of soil, if the values are calculated to 
a per plant basis. Here again the dilution of factors inhibiting uptake is mani- 
fested. Gn further modifying the Neubauer test by increasing the number of 
seedlings above the recommended 100 per 100 gm. of soil, the magnitude of the 
value is also reduced as calculated to a 100-plant basis, but the absolute weight 
of PO4 taken up from 100 gm. of soil increases with increase in number of seed- 
lings. In other words, 100 plants are not able to take up any more PO4 from 200 
gm. of soil than from 100 gm., and by increasing the number of plants to 200 per 
100 gm. a decreased amount of PO4 per plant is taken up from the soil. The experi- 
ments show that the Neubauer values are greatly influenced by the absolute 
weight of soil and the number of seedlings, but that the 100/100 ratio which is 
standard for the method appears to be close to the point beyond which no 
further uptake occurs for alkaline-calcareous soils. 

The K values also show a progressive increase vdth increase in weight of soil 
and number of seedlings, but unlike the PO4 values, the mean E values and 
several K values of individual soils continue in a definite but small increase up to 
200 gm. of soil. It appears that the selection of 100 gm. of soil and 100 seedlings 
is more arbitrary for potassium than for phosphate, especially in these soils, 
where there is a sux'plus of available potassium and the seedlings probably enjoy 
luxuiy consumption. It is significant that as the absolute weight of soil in- 
creases beyond 70 gm., at which weight the approximate Neubauer-Schneider 
minimum K value of 19.9 is attained, phosphate fertilization induces an addi- 
tional uptake of potassium. Available phosphate is therefore a limiting factor in 
the uptake of potassium in these soils. When the method is modified to reduce the 
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number]of seedlings and the weight of soil, the per plant K values are highest for 
the smallest weights of soil and the least number of seedlings. On increasing the 
number of seedlings per 100 gm. of soil, above the recommended 100, the relative 
per plant uptake of K is also reduced. 



Fig. 1. CoMPABisoN of Nexjbaxjer PO 4 Values for Eye, Barley, Wheat, Hegari, 
Corn, Cowpba, and Tomato Seedlings 

T?he calcium content of rye seedlings for a 15-day period of grovrth is very low 
as compared to potassium and phosphorus, and despite the calcareous nature of the 
soils the Ca values are low except for soil number 3, which contains 1Q.18 per 
cent CaCOs and is the highest in OaCOs of the soils used in the experiment. It is 
significant that at no weight of soil, when 100 seedlings are grown in the culture, 
do any of the other soils attain as high a Ca value as this soil, regardless of the 
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amount of CaCOs present. It is also significant that for soil number 3 the Ca 
values are lower in the range of 100-200 gm. of soil than in the range of 60-90 gm. 
When weight of soil and number of seedlings were maintained at a 1 : 1 ratio but 
below 100:100, a greater uptake of Ca per plant was obtained. Also, with 100 
gm, of soil and varying numbers of seedlings, the greatest uptake of Ca, per 
plant, was obtained with the smallest number of plants. 

COMPARISON OP BYE WITH OTHER SEEDLINGS 

The Neubauer test has been criticised on the basis that no single plant can serve 
as an indicator of plant-food availability for all crops. The choice of seedlings 
suitable for such a test is limited to those of uniform seed and limited size of plants 



Fig. 2. Gompabison of Neubauer K Values for Rye, Barley, Wheat, Tomato, 
Hegari, Cowpea, and Corn Seedlings 

within a reasonable seedling period of growth. Rosen rye seems to fulfill these 
requirements quite satisfactorily and is suitable for both acid and alkaline soils. 
In view of the fact that Sacramento barley develops a more vigorous root growTh 
than rye in alkaline-calcareous soils, an experiment was conducted in which a 
comparison was made between the Neubauer values obtained with these two 
grains. In this experiment 60 soils were used and a good agreement was ob- 
tained^ The uptake of both potassium and phosphorus, as measured by the 
mean values for the 60 soils, was higher for barley than for rye. 

On the basis of this correlation, an experiment was conducted in which rye, 
wheat, barley, hegari, cowpeas, tomatoes, and corn were gro'wn by the Neubauer 

2 McGeorge, W. T. 1942 Studies in plant food availability in alkaline-calcareous soils: 
seedling tests and soil analysis . Ariz . Agr . Exp . St a , T ech . Bui . 94 . 
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technic. The PO4 values obtained are given in figure 1 and the K values in 
figure 2. In all the cultures 100-gm. portions of soil were used and 100 seeds for 
rye, barley, wheat, hegari, and tomatoes, 50 seeds for cowpeas, and 25 seeds for 
corn. Correction for PO4 and K for an equal number of seedlings grown in sand 
was made for all plants except tomatoes where no sand culture was grown. With 
due consideration of the fact that only ordinary seeds were obtainable for all ex- 
cept rye, the following conclusions appear warranted. Correlation of PO4 
values is good for rye, wheat, barley, and tomatoes and is fair for corn. The K 
values show a good correlation for all seven crops. There is evidence, then, that 
though different seedlings extract different amounts of the nutrient elements from 
the soil because of a difference in feeding power and requirements, the directional 
trend of the curves is in good agreement. 

SUMMARY AND CONCLUSIONS 

In a study made to determine the effect of certain modifications of procedure 
on the Neubauer seedling test, it is shown that both the ratio and the absolute 
weight and number of seedlings must be maintained at 100:100, but in avail- 
ability studies mformative data can be obtained by modifying the procedure to 
use lower weights of soil. The Neubauer test, like the chemical analysis of a 
soil, is an empirical test because the conditions must be closely adhered to in 
order to obtain quantitative values. 

When the Neubauer test is modified by comparing uptake of nutrient elements 
by rye and other seedlings the data are confused by lack of uniformity of seed. 
There is, however, strong evidence that the availability measured with rye seed- 
lings is applicable to many other crops. 
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THE INFLUENCE OF HIGH CONCENTRATIONS OF SODIUM 
SULFATE, SODIUM CHLORIDE, CALCIUM CHLORIDE, AND 
MAGNESIUM CHLORIDE ON THE GROWTH OF 
GUAYULE IN SAND CULTURE 

C. H. WADLEIGH and H. G. GAUCI-L 
U. S. Department of Agriculture 
Received for publication July 14, 1944 


During 1942 and 1943, the acreage of guayiile in the Southwest was greatly in- 
creased through the efforts of the Emergency Rubber Project. Because of the 
prevalence of salinity in the irrigable soils of these southwestern states, it was in- 
evitable that some of these plantings would be made on land more or less saline. 
Virtually nothing was known of the tolerance of the gua^uile plant to the various 
salts found in saline soils. It seemed advisable, therefore, to gain some informa- 
tion on the relative salt tolerance of the plant. 

Three separate experiments pertaining to the salt tolerance of guayiile were 
carried out in sand culture. The results of all three experiments were similar, 
and therefore oiiR the final experiment is reported in this paper. 

The plants used in the study were obtained from the Alisal Nursery of the 
Emergency Rubber Project. As received, the plants had taproots 20 to 25 cm. 
long and 3 to 5 mm. in diameter at the crown, and the tops had been trimmed to 
5 to 8 cm. in height. They were first imbedded in sand and allowed to initiate a 
new flush of growth before selection of plants for study. On March 15, 1943, 
after the plants had been in the sand bed for about 6 weeks, 39 uniform plants 
were selected out of the original hundred and each was transplanted to a 5-gallon 
crock of sand. Each culture was part of an automatically flushed sand culture 
apparatus which included a reservoir of 20 liters of culture solution for each cul- 
ture (1). Differential treatment was initiated 2 weeks after the plants were 
transplanted to the sand cultures. 

The basal nutrient solution employed contained the following ion concentra- 
tion when made up with Riverside tap water: 


Ca. 

Mg 

Na. 

K.. 


m.e.jl. ion m.e./l. 

5.9 Cl 2.7 

2.7 SO 4 ... 4.3 

1.5 H 2 PO 4 0.75 

2.5 NO 3 5.0 


Ii'on, manganese, and boron were also supplied at the rate of 0.5 p.p.m. This 
solution had an osmotic pressure of 0.45 atmosphere. It was used as one of the 
13 cultural treatments. The other 12 treatments consisted of adding a given 
salt to the basal solution to increase its osmotic pressure b}^ 1, 2, and 3 atmos- 


1 Senior chemist and physiologist P-3 respectively; U, S. Regional Salinity Laboratory; 
Bureau of Plant Industry, Soils, and Agricultural Engineering; Agricultural Research 
Administration; U. S. Department of Agriculture; Riverside, California; in cooperation 
with the eleven western states and the Territory of Hawaii. 
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Fig. 1. Appearance op Guayulb Plants at Termination op Experiment 
Numbers on containers designate osmotic pressures of culture solutions in atmospheres. 
That at 0.5 atmosphere is the basal nutrient. Higher concentrations attained by adding 
necessary amounts of designated salts. 
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pheres. Na 2 S 04 , NaCl, CaCU, and MgCl 2 were the salts studied. Each treat- 
ment was thrice replicated. The 20 liters of culture solution contained in the 
reservoir (1) of each culture was changed weekly. Between changes, the volume 
and the concentration of the culture solution were maintained by additions of dis- 
tilled water. 

Figure 1 shows the appearance of the plants as of July 13, 1943, the date the 
experiment was terminated. Figure 2 shows the effect of salt treatment on 
average dry weight per plant. 



OSMOTIC PRESSURE OF CULTURE 
SOLUTION IN atmospheres 

Fig. 2. AvEiiAGE Bby Weights oe Tops of Peants Gbown undeb the Vaeioub 

Treatments 

D.Il.F.S. designates difference required for significance. Observations on the MgOla 
cultures were omitted from the estimation of pooled error, since they were not homogeneous 
with the rest of the observations. 

The most striking observation made with respect to these plants was their 
sensitivity to magnesium. For example, red kidney beans showed only about a 
10 per cent reduction in growth when 1 atmosphere of MgCh was added to the 
control nutrient solution (2) , whereas guayule was killed by this concentration of 
MgCh in the substrate. One week after treatment was initiated, the plants 
supplied with 3 atmospheres of added MgCb were showing magnesium-toxieity 
symptoms. The young leaves failed to expand normally, their tips became 
necrotic, and they were light yellow green. Three weeks after treatment was 
initiated, all plants supplied with added MgCb were showing magnesium-toxicity 
symptoms. All of these plants died before the end of the experimental period. 
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An examination of their roots at the termination of the experiment indicated that 
very little root growth was made by any of these plants after initiation of treat- 
ment. 

By contrast, guayule was remarkably tolerant of CaCh. This tolerance to cal- 
cium may be related to the fact that the species is indigenous to calcareous soils 
(3). . 

Guayule is rather sensitive to sodium salts. At the lower concentrations 
studied, isosmotic pressures of NaCl and Na2S02 had nearly the same effect on 
growth. When 3 or more atmospheres of salt was added, Na2S04 had a distinct 
toxic effect. In fact, some of the plants died when 3 atmospheres of Na2S04 was 
added, whereas guayule will make some growth in the presence of 5 atmospheres 
of added NaCl. 

This study indicates that, by and large, guayule may not be regarded as a salt- 
tolerant plant. Furthermore, the plant shows considerable specificity toward 
the kind of ions present in excess, whereas many crop plants show little specificity 
in growth response to kind of salt, osmotic pressure of the solution being the pre- 
dominant factor in determining growth (4). 

There has been some tendency to evaluate degree of salinity of a soil in terms of 
the amount of chloride ion present, on the assumption that the effect of soil 
salinity on plant response was largely that of chloride toxicity. On the basis of 
the present observations this might be a dubious procedure with reference to 
guayule. This plant tolerated rather high concentrations of calcium chloride, 
but was very sensitive to rather low concentrations of magnesium chloride. This 
suggests that concentration of the chloride ion per se would be a poor indicator of 
the inhibitive effect of a given substrate on growth unless information was avail- 
able as to the cationic composition of the solutes present. 

No rubber determinations were made on these plants. The plants grown in an 
earlier study on the effect of salt concentration on growth of guayule were har- 
vested at a similar stage of growth as those here reported, however, and were as- 
sayed for rubber by the Emergency Rubber Project. Only 0.2 to 0.6 per cent 
rubber was found in the plants, with more variation in evidence between repli- 
cates than between treatments. These results suggested the futility of making 
rubber analyses on plants at the age and growth status of those employed in this 
study. 


SUMMAEY 

Guayule plants were grown in sand culture with a control nutrient solution, 
and in cultures with this same solution but with 1, 2, and 3 atmospheres osmotic 
pressure of an added salt. Four salts were studied separately, viz., Na 2 S 04 , 
NaCl, CaCh, and MgCh. 

This species is very sensitive to magnesium, the plants being killed by the 
lowest concentration of MgCh used. 

Guayule is very tolerant of CaCh, making fairly satisfactory growth in the 
presence of 3 atmospheres osmotic pressure of added CaCh. 
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The plants were relatively sensitive to sodium salts, and at the higher concen- 
trations they were more sensitive to Na 2 S 04 than to NaCl at isosmotic pressures. 

In the light of these studies guayule may not be regarded as a salt-tolerant 
plant. 


REFERENCES 

(1) Gauge, H. G., and Waldeigh, C. H. 1943 A new type of intermittently irrigated 

sand culture equipment. Plant Physiol. 18: 5id-647. 

(2) Gauge, H. G., and Wadleigh, C. H. 1944 The influence of high salt concentrations 

on the growth of bean plants. Bot. Gaz. 105: 379-387. 

(3) Lloyd, F. E. 1911 Guayule — K rubber plant of the Chihuahuan desert. Carnegie 

Inst. Wash., Pub. 139. 

(4) Magistad, 0. C., ET AL. 1943 Effect of salt concentration, kind of salt, and climate 

on plant growth in sand cultures. Plant Physiol. 18: 151-166. 





( 
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The greenhouse experiments here reported were undertaken to determine 
the extent to which the pH and base-exchange properties of cranberry soil may 
be altered by the continued use of alkaline water. Although the conditions 
under which the experiments were carried out are different from those existing 
in cranberry culture, it is hard to escape the conclusion that changes resembling 
those here observed might eventually occur under cranberry culture if alkaline 
flooding water is regularly used. 

USE OF WATER IN CRANBERRY CULTURE 

Water for flooding has long been a prime necessity in cranberry culture. 
The plants are flooded to prevent frost damage and winter injury, to control 
insects, and, in Wisconsin, also to facilitate harvesting. So important is water 
in cranberry culture that in 1929 Wood County, Wisconsin, had about 7 acres 
of reservoir for each acre of vines. Although the water used for flooding on a 
majority of Wisconsin cranberry marshes is between pH 6 and 7, in a number of 
cases the water is between pH 7 and 7.5, and in a few it is above pH 8. 

A possible relation between the use of alkaline flooding water and certain 
problems in cranberry growing was first mentioned in print in 1940 by Stevens, 
Rogers, and Bain.^ Based on 15 years of field work and a study of the history 
of the cranberry industry in Wisconsin, the conclusions of these workers were 
as follows: 

The use of alkaline water in flooding cranberry marshes greatly increases the difficulties 
of producing profitable crops of berries. 

The difficulties tend to become greater as the alkalinity of the water becomes higher. 

The effects are, to a certain degree, cumulative, being more evident and more serious 
in older marshes after alkaline water has been used for a number of years. 

The foregoing observations suggest the possibility that contiaued flooding 
with alkaline water has so changed the character of certain soils as to make 
them much less favorable for cranberry growing. There is considerable evi- 
dence that repeated irrigation of certain soils in rice culture has a tendency to 
reduce their acidity, ha some cases rendering them alkaline. The literature on 
this subject was reviewed by Reed and Sturgis^ in 1939. 

1 Stevens, N. E., Rogers, L. M., and Bain, H. F. 1940 Alkaline flooding water in cran- 
berry growing. Trans, Wis, Aca^d. Sci,, ATtSy and Letters 

2 Reed, F. J., and Sturgis, M. B. 1939 Chemical characteristics of the soils of the rice 
area of Louisiana. Xa. jBwZ. 307. 
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This paper is not directly concerned with the question of the most favorable 
soil conditions for cranberry culture, but with the specific problem as to whether 
repeated flooding with alkaline water would materially change the reaction of 
the Wisconsin cranberry soils. 

The results of the tests may also have some direct interest in connection with 
the effects of hard water on greenhouse soils. Spurway and Wildon® have 
devised a method using phosphoric acid for eliminating the alkalinity of hard 
water used in greenhouse culture. 

EXPERIMENTAL METHODS 

Six samples of soil (peat) were used in the experiment. Three, Durphee 
(Sawyer County), Morrison (Jackson Coimty), and Williams (near Biron, 

TABLE 1 


Changes in pH^ in content of exchangeable calcium and magnesium, in base-exchange 
capacity, and tn percentage base saturation of peat caused by additions of alkaline 
water over a 2-yeaT period under greenhouse conditions 


LOCATION OF 

pH (glass 

ELECTRODE 

method) 

EXCHANGEABLE 

CALCIUM 

EXCHANGEABLE 

MAGNESIUM 

TOT.AL 
EXCHANGE- 
ABLE 
CALCIUM 
AND MAG- 
NESIUM 

BASE-EX- 

CHANGE 

CAPACITY 

PERCENTAGE 

BASE 

SATURATION 
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m.e.* 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 

m.e. 



Valley Jot. . . . . . 

4.22 

4.20 

5.33 

5.56 


17.40 

2.14 


11.00 

7.70 

28.40 

49.0 

76.4 

15.7 

37.2 

Morrison 

4.01 

4,25 

5.30 

2.44 

5.60 

9.00 

1.60 

3.76 

5.80 

4.04 

14.80 

47.0 

56.6 

8.6 

24.4 

Durphee 

3.60 

3.98 

5.00 

7.14 

12.56 

26.80 

3.21 

6.95 

16.80 

10.35 

43.60 

99.3 

113.1 

10.4 

38.6 

BeEuett 

4.70 

4.60 

5.. 77 

12.65 


37.10 

3.56 


19.50 

16.21 

56.60 

67.0 

120.5 

28.4 

47,0 

Cutler 

5.01 

4.90 

6.40 

21.40 


39.40 

5.35 


14.40 

26.75 

53.80 

34.9 

68.2 

76.6 

92.5 

Williams 

4.38 

4.30 

5.60 

11.30 


28.90 

3.06 


11.30 

14.36 

40.20 

45.0 

69.4 

32.0 

57.9 


* In tWs table, m.e. ~ m.e. per 100 gm. soil. 


Wood County), were taken from cranberry fields. The sample designated 
^‘Cutler” was taken from a field in Juneau County which was under construc- 
tion, but the land had been in cranberries prior to 1893. The sample desig- 
nated 'Walley Junction^' (Monroe County) was taken from a marsh that has 
been in cranberries for at least 60 years, and the Bennett (Cramnoore— Wood 
County) marsh has been in cranberries for at least 70 years. 

Two 2-gallon earthenware jars were filled with soil from each sample, and 
cranberry vines were planted in the jars, which were then placed (September, 
1941) in a greenhouse. For 1 year they were irrigated with water from Lake 
Mendota, which has a pH of 7.8 to 8.4, an alkalinity expressed as calcium 

® Spurway, C. H,, and Wildon, C. E. 1938 Water conditioning for greenhouses. Mich. 
Agr. Exp. Sta. Cir. But. 166. 
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carbonate of 160 to 170 p.p.m., a hardness of 180, and a mineral content of 202 

p.p.m. 

In September, 1942, they were moved to Urbana, Illinois, and irrigated for 
the next year with water having a pH of 7.4 to 7.6, an alkalinity expressed as 
calcium carbonate of 325 to 350 p.p.m., a hardness of 250 to 275, and a mineral 
content of 350 to 360 p.p.m. 

Before the addition of alkaline water to these soils, determinations were made 
for pH, exchangeable calcium and magnesium, and base-exchange capacity. 
After 1 year’s treatment, pH readings were made, and the exchangeable calcium 
and magnesium determined on those soils which showed a rise in pH value. 
After 2 years’ irrigation, the pH, exchangeable calcium and magnesium, and the 
base-exchange capacity were again determined. 

RESULTS 

The results of the analyses are given in table 1. It will be observed that 
there were decided increases not only in pH values and amounts of exchangeable 
calcium and magnesium present, but also in the base-exchange capacity. 

An increase in pH value was not detected after 1 year’s treatment, except on 
the Morrison and Durphee samples. The former increased from pH 4.01 to 
4.25, and the latter from pH 3.60 to 3.98. Since an increase in pH value of 0.3 
reduces the intensity of acidity by one half, the use of alkaline water on these 
soils had a marked effect in 1 year’s time. 

At the end of 2 years’ treatment with alkaline water, the pH values increased 
from 1 unit in the Bennett peat to 1.4 in the Durphee soil. As a difference in 
pH value of 1 unit makes a difference of ten times in the strength of the acidity 
(in the acid range), these soils were only one-tenth as acid as they w^ere 2 years 
previously, that is, before treatment with alkaline w^ater. 

Since the amounts of exchangeable sodium and potassium present were 
insignificant in comparison to the calcium and magnesium, they were ignored 
in these calculations. 

At the end of 2 years’ treatment, the amounts of exchangeable calcium and 
exchangeable magnesium had increased markedly in all samples. These bases 
had, of course, been absorbed from the alkaline water used in treating the soils. 

The increase in base-exchange capacity probably resulted from a transforma- 
tion of certain types or organic material to new foims which had more pro- 
nounced base-exchange properties; this transformation was undoubtedly 
hastened by the higher temperatures of the greenhouse compared to those in the 
field. The higher pH values may also have favored this transformation. Even 
though the base-exchange capacity increased, sufficient bases were absorbed to 
cause a considerable rise in the percentage base saturation and in the pH value. 

CONCLUSIONS 

It appears that repeated flooding of cranberry soils with alkaline water will 
increase the base saturation to such an extent that an undesirably high pH 
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value may result. Although under greenhouse conditions this can be brought 
about in a few years, it will probably take much longer in field practice. Since 
cranberry marshes are maintained for a long time, it appears probable that the 
practice of regularly using alkaline water for flooding purposes will eventually 
raise the pH to such an extent that the marshes may cease to be profitable for 
cranberry culture. 
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Colloid Chemistry. Collected and edited by Jerome Alexander. Reinhold 
Publishing Corporation, New York, 1944. Pp. 1256. Price, $20, 

This is the fifth volume of the ‘Theory and Methods, Biology and Medicine’’ 
series. It contains 60 papers prepared by a “distinguished group of contributors 
who represent a variety of natural origins.” Among the typics considered are: 
surfaces of solids and liquids, soaps and detergents, analysis of complex molecular 
structure, microradiography, electron microscope, rheological properties of col- 
loidal materials, high-vacuum distillation, polymerization, vitreous state, sonic 
and ultrasonic waves, cyclotron, betatron, electrophoretic studies of proteins, 
high-speed centrifugation, selective adsorption, fixing dates of past events by 
tree rings and varves, proteins, photosynthesis, plant cell membranes, starches, 
enzymes, minerals and vitamins, hormones, physiological rhythms, viruses, 
genes, protoplasm, inflammation, blood coagulation, immunology, allergy, home- 
ostasis, cancer, gerontology, concretions, war gases, infective aerosols, lipides, 
psychiatry, and changes in surrounding medium produced by free-living cells. 
Any scientist, no matter what the field of endeavor, will find much material of 
great interest and value in this volume. Certainly every library should contain 
a copy of this book, and every research worker who can afford to own it will want 
a copy for his personal use. 

The Green Continent. Selected and edited by German Arciniegas. AKred A. 
Knopf, New York, 1944. Pp. 533. Price, $3.50. 

Those who contemplate studying the agriculture or the industry of Latin 
America, whether by reading or travel, would do well to read this book, which 
gives a comprehensive view of the countries to the south of us as seen by their 
leading writers. Its 33 articles are not merely good literature but they are 
highly informative about the cities, the mountains, and the plains, and the 
people who dwell therein. All of the material was prepared originally for domes- 
tic consumption and is, therefore, quite critical, containing nothing that might be 
classed as propaganda. The book is worth the price for entertaining reading, 
but it has double value for those whose interest in Latin America is more spe- 
cific. Its one weakness is that it does not contain a good map of Central and 
South America. 

Soil Science Society of America Proceedings. Volume 8. The Soil Science 
Society of America, G. G. Pohlman, Sec.-Treas., Morganto'svn, West Virginia, 
1944. Pp. 473. Price, $5. 

This volume contains the papers presented at the meetings of the Society that 
were held in Cincinnati, Ohio, November 10-12, 1943. The general program 
consisted of seven papers commemorating the 100th anniversary of the founding 
of the E.othamsted Experimental Station, four papers on the efficient use of fer- 
tilizers during the war, and a banquet-program paper presented by Howard M. 
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Call, a prominent farmer from Kent, Ohio, on “The Old Home Farm — ^One Hun- 
dred and Forty Years Ago to Now.’’ The special programs, built around the 
Society’s six sections, ph 3 'sics, chemistry, microbiology, fertility, genesis (includ- 
ing morphology and cartography), and technology of soils, consisted of 83 papers 
prepared by specialists in these fields of study. The minutes of the business 
meetings, a list of the officers for 1944, and the membership of the standing com- 
mittees are appended. The variety and quality of the papers contained in the 
Proceedings make it imperative that every soil scientist have a copy available 
for ready reference. 

The Soils of Equatorial Regions, By E. C. Jul. Mohr. Translated by Robert 

L. Pendleton. Edwards Brothers, Inc., Ann Arbor, Michigan, 1944. Pp. 

766, figs. 257. Price, $7.50. 

Dr. Pendleton is to be highly commended for his enterprise in translating from 
the Dutch language this very valuable contribution on the climate, soil, and 
agriculture of the Netherlands East Indies. The lithoprinting is well done, and 
the illustrations are excellent reproductions of drawings and tropical scenes. 
The book is certain to be widely read by a great variety of people who will ap- 
proach the subject from diverse points of view. It would be very helpful if 
someone would prepare a digest of this volume, picking out the unique comments 
that occur from page to page. Thus, in speaking of various portions of the 
several islands making up the East Indies, the author writes: “ . . . the continu- 
ous humid climate of these regions does not promote permanent conservation of 
fertility . . , the hydrogen clay is perhaps less than 5 per cent saturated with 
bases, as contrasted with being more than 95 per cent saturated with hydrogen 
. . . the humus coming from a certain plant or plants may not, by a great deal, 
be the same as the humus from another sort of plant [referring to the minor ele- 
ments] . . .for the production of tobacco on some lands, a very long fallow, 
for 25 or 50 years at least, is necessary . . . the more acid and poorer in iron the 
original rock was, and the greater the degree of senility of the soil, the greater 
the chance of failure under cultivation.” This book provides an excellent illus- 
tration of the contribution a scientist with curiosity and tenacity of purpose 
can make to his chosen field of endeavor in the course of a lifetime. 

The Editors. 




IRON OXIDE REMOVAL FROM CLAYS AND ITS INFLUENCE ON 
BASE-EXCHANGE PROPERTIES AND X-RAY DIFFRACTION 
PATTERNS OF THE CLAYSi 

H. G. DION2 
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Received for publication June 14, 1944 

Recent investigations concerned with the identification and characterization of 
soil clays have led to a special interest in the problem of the removal of the free 
iron oxides from these clays without serious alteration of the clay minerals proper. 
The methods thus far proposed for this purpose have proved to be unduly destruc- 
tive of those clays containing iron in their crystal lattice, or have other objection- 
able features. It was for the purpose of developing a method which would over- 
come some or all of these objectionable features that the present study was 
undertaken. The influence of iron oxide removal on base exchange properties 
and x-ray diffraction patterns of the clays was also investigated. 

REVIEW OF LITERATURE 

Various methods have been suggested for the removal and estimation of the free iron 
oxides of soils. Tamm (18) used acid ammonium oxalate to dissolve iron oxides, free silica, 
and alumina. Lundblad (13), using Tamm’s extracting solution on Sharkey, Sassafras, 
and Nipe soils and on a New Zealand soil, found a higher base-exchange capacity after 
extraction than before, calculated on original sample weight. Drosdoff (8) used a 0.2 N 
sodium acid oxalate extracting solution and reported increases in base-exchange capacity 
after treatment. From 5 to 20 per cent of material other than free iron oxides was dissolved. 

Drosdoff and Truog (7) made the ferric oxides more soluble by HsS reduction. The sus- 
pension was saturated with H 2 S, made alkaline with NH4OH, and the clay washed with 
0.05 N HCl to dissolve the iron sulfides. The treatment readily dissolved finely ground 
iron oxides but had no appreciable effect on the iron in biotite, basalt, and granite. Free 
iron oxides were removed from two soil colloids and a bentonite with no significant change 
in the base-exchange capacity. Toth (19) used this H 2 S treatment and reported small 
increases in base-exchange capacities of clays from Colts Neck and Sharkey soils, but appre- 
ciable decreases in others. Drosdoff (9) more recently proposed saturation of an ammonia- 
cal clay suspension with hydrogen sulfide, and subsequent solution of the sulfides with 
hydrogen peroxide and excess sulfuric acid. 

In a procedure proposed by Truog et al. (20) nascent HgS is evolved within the clay sus- 
pension by the action of oxalic acid on Na 2 S. Oxalic acid is preferred to mineral acid be- 
cause of its more efficient solvent action on iron oxides. The stability of aluminum 
exchange material and the susceptibility of iron exchange material to this treatment were 
demonstrated. Increase in base-exchange capacity as the result of the treatment was 
noted with Cecil soiL 


^ Part of a thesis submitted in partial fulfillment of the requirements for the degree of 
doctor of philosophy, department of soils, University of Wisconsin. This work was sup- 
ported in part by a grant from the Wisconsin Alumni Research Foundation. Published 
with the permission of the director of the Wisconsin Agricultural Experiment Station, 
Appreciation is expressed to E. Truog and M. L. Jackson for helpful suggestions and criti- 
cisms and for aid with the x-ray diffraction analyses. 

® Formerly research assistant in soils. University of Wisconsin, now with the Rothamsted 
Experimental Station, Harpenden, Herts, England. 
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Alexander and Hendricks (2) and Alexander et al. (3) established by x-ray diffraction 
methods the presence of goethite and hematite in the untreated clay of Cecil, Greenville, 
Decatur, Dewey, Chester, Manor, and Hagerstown soils, goethite alone in clay from Fuller- 
ton and Frederick soils, and their absence in the clays treated by the ISfa*S-oxalic acid 
method. Crystalline iron oxides were not detected in the clays of Miami, Carrington, 
Barnes, or a desert soil, although up to 10 per cent FesOs was extracted. The total loss in 
weight as a result of the treatment was 10 to 40 per cent. Nagelschmidt (16) found goethite 
and hematite in the C horizon of Cecil soil by x-ray diffraction methods, and reported that 
the NaaS-oxalic acid treatment completely removed these oxides; 20 per cent of a Barnes 
Bs colloid and 10 to 15 per cent of a bentonite colloid were dissolved. 

Jeffries (12) used nascent hydrogen produced by the action of oxalic acid on a cylinder 
of aluminum immersed in the boiling soil suspension to reduce the free iron oxides. Clean 
silt and sand fractions were obtained for petrographic analysis, and preliminary studies 
indicated that the treatment was not destructive to clay minerals. 

Allison and Scarseth (4) employed anaerobic fermentation for reduction of free iron 
oxides in soil colloids. The free iron oxides were reduced and dissolved as a result of a 
lowered oxidation-reduction potential and the production of organic acids in the fermenta- 
tion. The results indicated similarity to the Na 2 S-oxalic acid method. Treatment of clay 
from a Miami soil from Indiana by either method resulted in large increases in base-ex- 
change capacity. 

REMOVAL OP IRON OXIDES FROM CLAYS WITH DIFFERENT METHODS 

In the preliminary investigations it was observed that the decrease in base- 
exchange capacity as a result of the Na2S-oxalic acid treatment could be greatly 
reduced by the substitution of tartaric acid for oxalic acid, and by avoiding 
greater acidity than that required just to dissolve the ferrous sulfides. 

Comparison of oxalic and tartaric acids 

To compare the destructiveness of oxalic and tartaric acids on iron-bearing 
base-exchange minerals, a series of 0.335-gm. samples of the Miami clay fraction® 
were digested for 4 days on the steam plate in 500-ml. portions of 0.2 N ammo- 
nium oxalate solution of pH 5 and ammonium tartrate solutions of pH 4.5, 5.0, 
and 6.0. The pH adjustments were made by adding HCl. This clay owes ap- 
proximately half of its base-exchange capacity to iron-bearing base-exchange 
material, according to Simonson.^ The samples were recovered by centrifuging 
and were washed three times with N NH4AC acidified with HCl to remove the 
dissolved iron. Iron was determined in the decantate by the cupferron method 
(17), and the base-exchange capacity, by the manganese method (5). 

The results (table 1) show that ammonium oxalate was more destructive of 
base-exchange material than ammonium tartrate, and that destruction with the 
tartrate increased progressively with increasing acidity. At pH 6.0 ammonium 
tartrate still removed an appreciable amount of iron, and caused an increase 
rather than a decrease in base-exchange capacity. 

In this paper ''clay fraction^^ refers to particles less than 2ix in diameter, unless other- 
wise specified. 

^Simonson, R. W. Base-exchange capacity of soils due to iron compounds. 1938. 
[Unpublished doctoral thesis. Copy on file, Dept, of Soils, Univ. Wis., Madison.] 
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Proposed aluminum-ammonium tartrate method 

The proposed procedure einpio3dng nascent hydrogen for the reduction and 
solution of free iron oxides from soils utilizes ammonium tartrate instead of 
oxalic acid (12) to produce the nascent hydrogen by action with metallic alumi- 
num. Ammonia is released by the combination of aluminum and the tartrate 
ions and removed by boiling, giving the solution a constant pH of 6.4, which is less 
destructive to the clay than more acid solutions. The clay in suspension is 
brought into intimate contact with the source of nascent hydrogen during the 
digestion by the introduction of a closely wmund aluminum spiral (0.04- by 2.2-cm. 
ribbon) into the suspension and by employing an aluminum vessel (16-ounce 
measuring cup) as a container. 

Details of procedure. To the aluminum vessel containing the spiral, a 10-gm. 
sample of soil (previously treated with hydrogen peroxide to remove organic 
matter) or a 0.5- to 1.0-gm. sample of clay is added, followed by 100 ml. of dis- 
tilled water containing 10 gm. of ammonium tartrate. The suspension is main- 

TABLE 1 


Effect of digestion of clay from Miami silt loam {Bz horizon) with acid oxalate and tartrate 
solutions on the hose-exchange capacity 


DIGESTING SOLUTION 

BASE-EXCHANGE 
CAPACITY BASED 
ON OSIGINAL 
WEIGHT 

FesOa 

REMOVED 

COLOR OP CLAY SUSPENSION 

None (check) 

m.e.fJOO gm. 

58.0 

per cent 

Brownish 

Grayish white 
Yellowish white 
Yellow-brown 
Yellow-brown 

Annnonium oxalate of pH 5.0 

23.2 

9.08 

Ammonium tartrate of pH 4.5 

40.1 

6.86 

Ammonium tartrate of pH 5.0 

52.3 

4.03 ‘ 

Ammonium tartrate of pH 6.0 

62.8 

3.46 



tained at slow boiling until solution of the iron oxides has proceeded to the point 
desired, as indicated by the absence of the red or yellow color of free iron oxides 
in the suspension. This usually takes 10 to 45 minutes. 

When digestion is complete, the suspension is poured into a beaker, and the cup 
and spiral are washed three times with small amounts of AT NH4AC, and finally 
once with 0.05 NHCl. By means of the centrifuge procedure, the sample is re- 
covered from suspension and washed three times with N NaCl (acidified to pH 
3.0) . The decantate and washings are combined and saved for the determination 
of dissolved constituents. 

To remove colloidal silica and to facilitate flocculation of the clay, the sample 
is digested for 30 minutes in boiling 2 per cent Na2C03 solution, preferably in a 
nickel dish, and recovered by centrifuging. It is then w'ashed twice with N N aCl, 
twice with N NaAc of pH 3.5 (acidified with HCl), four times with 0.5 A Ca(Ae)2 
of pH 7.7, and finally twice with A NH4AC of pH 7.0 so as to free the material of 
carbonates and exchangeable hydrogen. Use of these preliminary washings 
preceded all exchange-capacity determinations herein reported. 
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If iron alone is to be determined in the ammonium tartrate solution, it is pre- 
cipitated with cupferron and determined volumetrically. If both aluminum and 
iron are to be determined by precipitation as the hydroxides, the tartrate is first 
destroyed by several treatments with aqua regia, since the tartrate interferes with 
the precipitation of iron and aluminum as the hydroxides- Aluminum dis- 
solved from the clay or soil is calculated by substracting from the total alumi- 
num found in solution the loss in weight by the cup and spiral during digestion. 

It was found that long digestion in the tartrate solution (more than 2 hours), 
unless followed by digestion with Na2C03, led to difiiculties in flocculation and 
recovery of the clays by centrifuging. After this alkaline digestion, the clays 
flocculate normally, and this treatment is probably desirable even after shorter 
tartrate digestions. 


TABLE 2 


Effect of aluminum-ammonium tartrate treatment of various clay minerals on their base- 
exchange capacities and on solution of constituents 


MINERAL TREATED 

TREATMENT 

BASE-EXCHANGE 

CAPACITIES 

EXTENT OE 
SOLUTION 

TOTAL 

FeaOs 

BASED ON ORIG- 
INAL WEIGHT 

Total 

solutes 

FesOa 

CONTENT 
OF CLAY 

Kaolinite from Langley, S. C. 

Untreated 

in.e.flOO gm. 

2.38 

per cent 

per cent 

per cent 


Digested 1 hour 

3.80 

7.5 



Montmorillonite from Calif. (No. 
1038) 

Untreated 
Digested 1 hour 

124.6 

123.4 


0.21 

2.07 

Montmorillonite from Smith Co., 

Untreated 

108.0 



4.63 

Miss. (No. 1019) 

Digested 1 hour 

107.5 

2.0 

0.36 

4.36* 

Nontromte from Woody District 

Untreated 

122.8 



37.6 

Calif. 

Digested f hour 

46.1 

57.3 

24.9 

29.7* 


* Calculated as percentage of weight of sample after treatment. 


The use of nascent hydrogen in place of hydrogen sulfide has several advantages 
in addition to being more convenient and agreeable. Sulfur is not introduced, 
and thus certain rather difficultly soluble iron sulfides are not formed. Also, 
since the color of the material being digested is the most useful criterion of the 
completeness of the treatment, it is desirable that the color of the suspension be 
not masked during treatment with the black iron sulfides. 

Effect of treatment on base-exchange capacity. Obviously, any procedure for the 
removal of free iron oxides from soils should be as mild as possible in its action 
toward the clay minerals proper. As a test of this action, the effect was deter- 
mined of the aluminum-ammonium tartrate digestion of kaolinite, montmoril- 
Ionite, and nontromte on their base-exchange capacities (table 2 ). 

With kaohnite day, an increase in base-exchange capacity and considerable 
solution occurred. Since the kaolinite structure is such as to expose a gibbsite 
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sheet on one face and silica tetrahedra on the other, and since tartrate ions form 
an un-ionized complex with aluminum, it is probable that some aluminum was 
dissolved from the faces or edges of the crystal plates. The increase in exchange 
capacity may be interpreted to indicate a freeing of negative bonds through re- 
moval of aluminum. 

The montmorillonite showed great resistance to attack by the aluminum- 
ammonium tartrate digestion. Since the crystal plates of this mineral consist 
essentially of a sheet of alumina sand\\iched between two sheets of Ksilica tetra- 
hedra, the alumina is much less exposed and much less susceptible to the solvent 
action of the tartrate than in kaolinite. The slight solution noted may have been 
due to extraction of extraneous free oxides and possibly occasional iron ions in 
the montmorillonite lattice with consequent breakdown at those points. 

The nontronite clay suffered great breakdoAvn as a result of the digestion. Al- 
though the iron in nontronite is protected to some extent by its location in the 
middle of the layer of the three-sheet plate, such iron is apparently susceptible to 
reduction. The ferric ion causes some strain in the crystal lattice of nontronite 
due to its large size (r = 0.67 A.), and after reduction to the ferrous form, the 
ionic radius becomes still larger (r = 0.83 A.). This increase may exert suflBicient 
force to cause extensive lattice disruption and consequent further exposure of the 
lattice iron to reduction and the solvent action of the tartrate. Although the 
general existence of pure nontronite in the colloid fraction of soils is considered 
improbable,^ nontronite was included in this study to illustrate the destructive 
action on iron-bearing clay minerals of treatments to remove free iron oxides. 

Comparison of various methods for removal of iron oxides 

A comparative study was made of four procedures for the removal of free iron 
oxides from the clay of soils. The base-exchange capacity and the chemical com- 
position of the materials, before and after treatment, and the constituents dis- 
solved were determined. The clay fractions used were from the B 2 horizon of 
Miami silt loam (Wis.), the B horizon of Cecil clay (Ala.), the B horizon of 
Superior clay (Wis.), and the A horizon of Lufkin clay (Ala.). The Cecil clay 
fraction may be characterized as kaolinitic, and the others, as montmorillonitic. 
Hereafter these clays will be referred to as Miami clay, Cecil clay, etc. 

Four samples of each clay were treated respectively by four methods; namely, 
the aluminum-ammonium tartrate method here described, the H 2 S-sulfuric acid 
method (9), the Na 2 S-oxalic acid method (20), and the biological reduction 
method (4) . The last method was slightly modified in that the fermentation was 
carried on in 100 ml. of a dilute plant nutrient solution, with 2 per cent dextrose 
added. After the anaerobic fermentation had proceeded for 5 weeks and had 
apparently ceased, further addition of 2,0 gm. of dextrose to each suspension was 
made, and the fermentation continued for a 2-week period, after which no more 
activity was apparent. After washing to remove dissolved iron, the biologically 
reduced samples were treated three times with 10 per cent hydrogen peroxide to 
ensure destruction of the proteinaceous material produced in the fermentation. 
Each treatment consisted of digestion in the peroxide solution for 24 hours. 
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After determination of the base-exchange capacity, following treatment by the 
four methods, the samples were washed twice with 95 per cent ethanol to remove 
salts, dried at 110°C. to constant weight in platinum crucibles, and then ignited 
to constant weight. Silica was determined by loss on ignition after two hydro- 

TABLE 3 


Effects of four methods of free iron oxide removal on the base-exchange capacity and composition 
of four soil clays (particles < w diameter) 



BASE- 

EXCHANGE 

PORTION 

CONTENT AFTER VARIOUS 

PORTION OF ORIGINAL 

CLAYS AND METHOD OF FREE IRON 

OF 

SAMPLE 

TREATMENTS 

SAMPLE DISSOLVED 

OXIDE REMOVAL 

CAPACITY* 

RECOV- 









BRED 

SiOz 

AlaOs 

FeaOa 

SiOa 

AlaOa 

FeaOa 


m,e.}100 

gm. 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

per cent 

Miami clay fraction 









Untreated — 

Al'-NH 4 “tartrate digestion, 10 

59.3 


65.2 

20.4 

11.08 



.... 

minutes 

57.2 

90.3 

65.2 

22.4 

8.88 

6.20 

0.13 

3.06 

H 2 S-H 2 S 04 treatment 

49.4 

87.2 

66.1 

22.8 

7.88 

7.50 

0.42 

4.22 

Na 2 S-oxalic acid treatment.. . 

49.3 

84.6 j 

64.5 

23.3 

7.01 

10.63 

0.61 

5.16 

Biological reduction 

56.8 

91.1 

67.2 

21.6 

10.58 

4.04 

0.66 

1.44 

Cecil clay fraction 









Untreated 

Al-NH 4 -tartrate digestion, 35 

11.93 


50.9 

30.7 

17.90 

i 



minutes 

7.75 

70.7 

57.7 

35.8 

6.10 

8.68 

4.53 

13.44 

H 2 S-H 2 SO 4 treatment 

6.07 

83.7 

53.1 

35.1 

9.23 

4.85 

0.28 

9.92 

Na 2 S-oxalic acid treatment. . . ' 

3.90 

66.2 

58.3 

38.9 

2.40 

10.90 

4.04 

16.23 

Biological reduction 

15.0 

80.4 

i 

57.0 

36.6 

5.87 

3.44 

0.21 

13.02 

Superior clay fraction 









Untreated 

Al-NH 4 -tartrate digestion, 30 

44.0 


61.3 

21.6 

10.76 



.... 

minutes 

40.6 

88.9 

57.1 

1 22.9 

8.68 

8.82 

1.25 

3.04 

H 2 S-H 2 SO 4 treatment. 

30.0 

88.5 

61.5 

18.9 

7.28 

1 6.83 

4.89 

4.33 

Na 2 S-oxaiic acid treatment... 

33.3 

85.2 

57.8 

23.5 

6.64 

1 1.58 

11.94 

5.10 

Biological reduction 

36.1 

! 

83.9 

64.6 

19.8 

9.39 

6.98 

4.97 

2.88 

Lufhin clay fraction 









Untreated 

AI-NH 4 - tartrate digestion, 15 

55.5 


66.3 

21.2 

8.31 



.... 

minutes 

52.0 

88.9 

67.1 

22.9 

6.68 

6.63 

0.80 

2.35 

H 2 S-H 2 SO 4 treatment.. 

45.4 

88.9 

67.7 

20.8 

4.85 

5.98 ^ 

2.71 

4.03 

]Sra 2 S-oxalic acid treatment.. . 

46.5 

84.8 i 

67.3 

23.8 

5.03 : 

9.18 

1.04 : 

4.03 

Biological reduction 

49.8 

84.1 ' 

66.8 

21.8 

6.60 

10.07 

2.91 

2.75 


* Based on original weight. 


fluoric acid treatments. The residues were fused in potassium pyrosulfate, dis- 
solved in water, and the sesquioxides precipitated with ammonia, ignited, and 
weighed. Iron was determined by the Jones reductor method; and aluminum, 
by difference. The amounts of ponstituents dissolved were determined by anal- 
ysis of treated and untreated clays. The results are given in table 3. 
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A decrease in base-exchange capacity was caused by each of the treatments for 
the removal of free iron oxides, mth the exception of the biological reduction 
method when applied to Cecil clay (table 3). The Na 2 S-oxalic acid method re- 
moved the most iron and caused a marked reduction in exchange capacity of 
the clays, followed closely by the H 2 S-H 2 SO 4 method. The Al-NH 4 -tartrate 
method caused less reduction in exchange capacity than the other treatments, 
being appreciable only for Cecil and Superior clays. Solution of aluminum from 
this kaolinitic Cecil clay was considerable. The relatively small quantities of 
aluminum extracted from the other three clays indicate the resistance of alumi- 
num montmorillonitic materials to this treatment. Biological reduction gave 
intermediate results, except that with Cecil clay it gave an increase in exchange 
capacity. It was noted that the fermentation with Cecil clay had the character- 
istic putrid odor of anaerobic processes, whereas that with the other clays had a 
strong yeasty odor, suggesting restricted development of anaerobes. The small 
amount of iron removed from the Miami sample suggests the need of further 
refinement in the method. 

The degree of removal of red and yellow coloration from the clays was, for the 
most part, proportional to the completeness of iron removal. A grayish-white 
sample remained after complete removal of free iron oxides except with Superior 
clay. The Superior clay fraction had a strong red color, and contained 10.76 per 
cent Fe 203 before treatment. This clay retained much of its original color after 
the treatments for removal of free iron oxides. The iron content of the clay after 
the sodium sulfide-oxalic acid treatment was less, however, than that of the rather 
white Miami clay after similar treatment. The color of the Superior clay fraction 
is apparently due largely to some factor other than the usual crystal-lattice iron 
or free iron oxides. 

The Lufkin clay samples were practically pure white after all four treatments. 
After the Al-]SrH 4 -tartrate digestion, both Cecil and Miami clay, and to some de- 
gree other samples, showed a light yellowish brown color which was apparently 
fairly stable under continued treatment. It is suggested that this color may be 
due to crystal-lattice iron in the clay rather than to free oxides. Its removal by 
the more vigorous treatments resulted in sharp reductions in the exchange 
capacity, indicating breakdown of the crystal lattice, as is strikingly illustrated 
by Miami clay, in which 1 per cent further removal of Fe 203 reduced the exchange 
capacity 8 m.e./lOO gm. With the chemical methods, reductions in base-ex- 
change capacity of Cecil clay are proportionately greater than loss in weight, 
indicating that fine and relatively active kaolinite particles were attacked. 

On the basis of the amounts of iron extracted mth the Al-NH 4 -tartrate diges- 
tion, it can be said with some degree of certainty that the Lufkin clay fraction 
contains about 2 per cent free iron oxides. The Cecil clay probably contains 
about 13 per cent, as judged from the biological and Al-NH 4 -tartrate methods. 
Allovdng for some extraction of crystal-lattice iron, the free iron oxide content of 
the Miami clay fraction can be estimated at somewhat less than 3 per cent. 
No accurate estimate is possible with the Superior clay fraction, although it is 
probably also about 3 per cent. 
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EFFECT OF FREE IRON OXIDE REMOVAL ON DISPERSION OF CLAY 

The need for removal of free iron oxides from soils prior to mechanical analysis 
has been stressed (20, 21), especially if a rather complete separation is to be made, 
followed by a mineralogical analysis. To measure the magnitude of this cement^ 
ing action, a comparison was made of the yield of fine clay (less than 0.2 m in 
diameter) from four representative soils before and after treatment for the re- 
moval of free iron oxides. 

Two 10-gm. samples of each soil were treated with hydrogen peroxide to re- 
move organic matter. One sample of each soil was then given the Al-NH 4 -tar- 
tfate treatment until the soil material appeared gray, except in the case of the 
Goto soil, which still has a yellowish color after 90 minutes of digestion. After 
treatment, the samples were recovered by centrifuging, and both the treated and 
untreated samples were washed five times with N NaCl to saturate the base- 
exchange material with sodium and to remove dissolved iron from the treated 
samples. Excess salt was removed by washing three times with 95 per cent 

TABLE 4 


Effects of removal of free iron oxides on the yield of fine clay from soils 



YIELD OP PINE CLAY (<0.2/^) DIAMETER, 
AS PERCENTAGE OP WHOLE SOIL 

' 

I 

SOIL TYPE AND HORIZON 

Before 
iron oxide 
removal 

After iron oxide removal 

FREE IRON 
OXIDES 


Fine clay 
without 
iron oxides 

Total fine 
clay (with 
iron oxides) 

REMOVED 

Miami silt loam, B 2 horizon (Wis.) 

25.6 

1 

26.4 

27.2 

per cent 

0.82 

Hagerstown silt loam, B 2 horizon (Missouri).. 

25.1 

31.1 

33.2 

2.02 

Susquehanna clay, B horizon (Ala.) . 

39.0 

40.2 

42.9 

2.75 

Goto clay, A horizon (Puerto Rico) 

36.3 

44.1 

49.3 

5.19 


ethanol, after which the samples were suspended in distilled water, and the fine 
clay was separated by means of the centrifuge (21). The process of dispersion, 
centrifuging, and decantation of the fine clay was repeated eight times. It was 
found that removal of the free iron oxides strikingly increased the amounts of fine 
clay obtained (table 4), i.e., 6 to 35 per cent of the yield without treatment. 

BEHAVIOR OF FERRIC IRON IN BASE-EXCHANGE REACTIONS 

Lutz (14) demonstrated that bentonite can take up at least twice its exchange 
equivalent of ferric iron, and he concluded, therefore, that the iron was held par- 
tially by adsorptive forces. Bower and Truog (6), however, in a study of ex- 
change of common cations, obtained evidence that polyvalent cations may be 
held as basic ions in the exchange positions, and found that clays will take up as 
much as 2.5 times the exchange equivalent of ferric iron from ferric chloride solu- 
tions. Complete saturation with ferric iron as Fe(OH)J would result in the ex- 
change attachment of 3.0 ferric equivalents, but some competitive exchange of 
Fe"*^, (FeOH)"^, and from the acid ferric chloride solution probably occurs. 
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Fixation of excharige-iron on drying and its removal 

Preliminary experiments indicated that saturation of a clay with basic ferric 
iron followed by drying caused a reduction in exchange capacity. This reduction 
was interpreted to occur as a result of iron becoming difficultly exchangeable or 
nonexchangeable and the corresponding exchange charges becoming nonfunc- 
tional in ordinary exchange reactions. For convenience, the iron thus held is 
hereinafter termed “fixed exchange-iron.’^ 

Exchange-iron fixation. — Montmorillonite, nontronite, and kaolinite clays were 
exchange-saturated with the basic ferric ion by wasliing successively three times 
with methyl alcohol, seven times mth 0.09 per cent FeCh solution in methyl 
alcohol, twice with methyl alcohol, and finally twice Avith benzene. To prevent 
the clay from drying in hard aggregates (11), benzene was used as the medium 
from which the clays w-ere dried. The samples w’^ere dried at 110°C. overnight 
and dispersed in distilled water by means of a rubber plunger, and the exchange 
capacity was redetermined. The excess lSrH 4 Ac displacing solution was subse- 
quently removed by ethanol ivashings. 

Drying after saturation with iron resulted in a decrease in exchange capacity 
of all three clays (table 5). The amount of reduction was proportionately much 
larger for the montmorillonite (23 per cent) and the nontronite (35 per cent) than 
it w^as for the kaolinite (8.5 per cent). 

Removal of fixed exchange-iron. — Three kinds of treatment were employed to 
free the exchange spots rendered nonfunctional by fixation of exchange-iron: (a) 
Removal of the iron by the Al-NB[ 4 -tartrate treatment described; (5) boiling for 
30 minutes in alkaline solution of 2 per cent Na 2 C 03 , which should transform the 
iron completely to ferric hydroxide; (c) treatment witha solution of sodium tar- 
trate in contact with metallic aluminum, in which case the pH rises rapidly during 
the digestion and Avhich should combine the effects of the (a) and (h) treatments. 

With Al-NH 4 -tartrate digestion, the base-exchange capacity of montmorillo- 
nite was only partly restored and that of kaolinite was increased over the original 
(table 5). The latter effect w^as also noted previously with ordinary kaolinite 
after Al-NH 4 -tartrate digestion. With digestion in sodium carbonate solution^ 
the base-exchange capacities of both montmorillonite and nontronite were 
partly restored and that to kaolinite was still further increased over the original. 
The latter result may have been due to the extraction of occasional aluminum 
ions from the surfaces and edges of the kaolinite plates. Digestion with sodium 
tartrate in contact with metallic aluminum resulted in complete recovery of the 
original base-exchange capacity of montmorillonite and partial recovery of that of 
nontronite, as calculated on the original w^eight basis. 

Physical vs. chemical blocking of base-exchange positions 

It has been suggested (20) that the increases in base-exchange capacity that 
result from the removal of free iron oxides from clays may be due to elimination 
of a mechanical blocking or encasing effect exerted by these oxides at the base- 
exchange areas. To determine whether this is true, ferric oxide was introduced 
into two montmorillonite suspensions in different ways: Ten milliliters of FeCh 
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solution (1,34 per cent FeaOs) was added (a) to an ammoniacal suspension of 0.35 
gm. montmorillonite, so that the iron was immediately and intimately precipitated 
on the clay as ferric hydroxide (opportunity for physical effect, without oppor- 
tunity for exchange attachment), and ( 6 ) to an acid suspension of the montmoril- 
lonite (pH 2 ), after which the pH of the suspension was slowly raised to slightly 
above pH 7.0 by the addition of 0,25 N NH4OH so that the ferric ion might be 
absorbed in an exchange reaction (opportunity for chemical effect.) In both 
cases the samples w’^ere washed twice with N NH 4 AC of pH 7.0 and then washed 
and dried as in exchange-iron fixation tests. The exchange capacities found were 
107.7 and 97.6 respectively as compared to 108.0 m.e./lOO gm. for the untreated 
montmorillonite. These results indicate that increased base-exchange capacity 


TABLE 5 

Effect on base-exchange capacity of fixation of exchange-iron and its removal 


BASE-EXCHANGE CAPACITY CALCULATED ON 
ORIGINAL WEIGHT 


SPECIAL TREATMENT 



Montmorillo- 

nite 

Nontronite 

Kaolinite 

None (check) 

gm. 

\ 124.6 

m.eJlOO gm. 

129.1 

m.e.jlOO gm. 

2.62 

Exchange-iron fixation (sample iron-saturated and 
dried) 

1 

1 

! 95.8 

84.2 

1 

2.40 

Fixation of exchange -iron and then treatment as 
follows: 

(a) Digestion with aluminum-ammonium tar- 
trate for 2 minutes 

110.9 

3.42 

(b) Digestion with 2 per cent NaaCOs solution 
for i hour. 

108.5 

99.6 ' 

4,08 

(c) Digestion with aluminum-sodium tartrate 
for 1| hours 

124.5 

110.5 




of soils and clays following removal of iron oxide is due to removal of chemically 
held iron, rather than elimination of physical obstruction to exchange. 


Release of exchange-iron from clay on drying 

Although the base-exchange material may become saturated vith Fe(OH)f to 
the extent of 90 per cent of the exchange capacity ( 6 ), it is apparent that only 
part of the iron absorbed in the cation-exchange positions can be fixed, and that 
the remaining exchange charges remain functional (table 5). It is postulated 
that, of the two different types of base-exchange charges in the montmorillonite 
group of clay minerals — one type arising in the gibbsite layer from the substitu- 
tion of Mg-^ for Al+++^ and the other in the sheets of silica tetrahedra from the 
substitution of Ai+++ for Si++++ (15), one type, reaction {1) below, is able to fix 
the exchange-iron and become nonfunctional in ordinary cation exchange, 
whereas the other, reaction {2), is not. 
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Clay— -i ^rying)^ Clay— Fe=0 + H 2 O (1) 

^OH 

OH 

2 Clay— Fe 2 Clay— H + Fe^Os + H^O (2) 

'^OH 

The occurrence of reaction (1) has already been substantiated (table 5). 

In a test of whether reaction (2) occurs, two equal samples of montmorillonite 
were saturated with Fe(OH)f as described previously. One sample was then 
stored moist while the other was dried overnight at 110°C. Both samples were 

TABLE 6 


Base-exchange capacity of soil clays before and after aluminum-sodium tartrate digestion 


SOTOCE OF SOIL CLAV 

BASE-EXCHANGE CAPACITY 
BASED ON ORIGINAL WEIGHT 

INCREASE 
DUE TO 
TREATMENT 

FesOa 

i EXTRACTED 

Before 

treatment 

After 

treatment 


m.e.flOO gm. 

m.e.llOO gm. 

per cent 

per cent 

Spencer silt loam, Ba (Wis.) 

63.0 

69.6 

10.5 

0.74 

Lufkin clay, A (Ala.) 

55.0 

61.3 

11.4 

1.13 

Miami silt loam, Ba (Wis.) 

59.3 

66.2 

11.6 

1.30 

Carrington silt loam, Ba (Wis.) 

46.9 

56.7 

20.9 

1.31 

Cecil clay, B (Ala.) 

11.9 

18.9 

58.8 

0.61 


redispersed in equal volumes of distilled water. Determinations of the pH of the 
suspensions, by means of the glass electrode, gave pH 2.73, and 3.60, respectively, 
for the dried and undried samples. This striking reduction in pH as a result of 
drying substantiates the occurrence of reaction {2). The rather low pH of the 
undried sample can be attributed to competitive absorption of the H+ from the 
acid ferric chloride saturating solution. In this reaction the iron is released by 
drying and the cation-exchange position is saturated with exchangeable hydro- 
gen; this iron, though difficultly soluble, is excluded from the phrase “fixed 
exchange-iron, as herein used. 

Estimation of fixed exchange’-iron in soil days 

To determine the extent to which fixed exchange-iron occurs in soils, clay 
samples from five soils were digested for 1 hour with sodium tartrate in contact 
with metallic aluminum as previously described. The base-exchange capacity 
rendered active by treatment varied from 10 to 59 per cent of the original 
exchange capacity (table 6) . The increases were probably due to the removal of 
fixed exchange-iron, since this treatment did not increase the base-exchange 
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capacity of montmorillomte except when such capacity had previously been 
reduced by iron fixation. With Cecil clay, some of the increase may simulate 
that observed with the pure kaolinite. The small amounts of iron removed 
(table 6) indicate that, though the Al-Na-tartrate treatment is specific for re- 
moval of fixed exchange-iron, it is not so well adapted to the complete removal of 
free iron oxides as the Al-NHr tartrate procedure. 

INFLUENCE OP FREE IRON OXIDE REMOVAL ON X-RAY DIFFRACTION PATTERNS 

To test whether the Al-NH 4 -tartrate digestion caused any fundamental change 
in the crystalline nature of the clay minerals, original and treated clays were pre- 
pared for x-ray diffraction analysis according to the procedure described by 
Jackson and Heilman (11) using more recent modifications (1, 10) designed to 
give controlled hydration. 

Results with soil clays 

With Superior clay and Lufkin clay the treatment resulted in a more intense 
and more sharply defined 16 A. diffraction line corresponding to the (001) spacing 
characteristic of montmorillonite. The very weak 10 A. diffraction line, indica- 
tive of the presence of some mica-like minerals, was unchanged in intensity by 
the treatment. With the Miami (Wis.) clay there is a slight decrease in intensi- 
ties of both the 16 A. montmorillonite line and the faint line at 10 A. as a result 
of treatment, probably due to some disruption of the iron clay lattices. None of 
the patterns of these montmorillonitic clays shows diffraction lines characteristic 
of iron oxides. The x-ray diffraction pattern of treated Cecil clay showed a 
decrease in background fog, an increase in the definition and intensity of diffrac- 
tion lines, and the appearance of a disc-like line of weak intensity at about 16 A. 
(montmorillonite, 5 per cent), which is not apparent in the pattern of the un- 
treated material. In addition, the diffraction lines of hematite at 2.71, 2.51, 
2.21, and 1.70 A. were eliminated as a result of treatment. The x-ray diffraction 
patterns thus indicate that the Al-NH 4 -tartrate treatment does not seriously 
affect the crystalline nature of the clay minerals and that the removal of free iron 
oxides may be desirable in x-ray diffraction analysis of certain types of clays. 

Results with ferric oxide-montmorillonite systems 

The improvement obtained in x-ray diffraction patterns of soil clays as a result 
of the removal of free iron oxides, particularly the intensity and sharpness of the 
characteristic montmorillonite line, indicates a more regular organization of the 
crystal lattice plates once these are freed from iron oxide coatings. Hence, the 
effect on x-ray diffraction patterns of the introduction of ferric iron into mont- 
morillonite and its subsequent removal was investigated. Montmorillonite 
samples were prepared by methods described earlier to represent: (a) untreated, 
(6) iron-saturated but not dried, (c) iron-saturated and dried, and (d) iron- 
saturated and dried, followed by iron removal by Al-NH 4 -tartrate digestion. 
These samples were then prepared for x-ray diffraction analysis by methods men- 
tioned earlier (10, 11), which involve saturation with calcium of functional 
exchange charges by Ca(Ac )2 washings of pH 7.7. 
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The most striking difference in the diffraction patterns was the decrease in 
intensity and sharpness of the 16 A. line of the dried iron-saturated sample (c). 
Apparently, fixed exchange-iron interferes with the orderly orientation of the 
montmorillonite crystal plates during the sample preparation for x-ray diffraction 
analysis. Despite the presence of ferric oxide precipitated as the hydroxide in 
the clay sample (&) by the Ca(Ac )2 washings, the diffraction pattern was almost 
as sharp and intense as that of the untreated material. Removal of the fixed 
exchange-iron from sample (d) by Al-NH 4 -tartrate digestion resulted in a sharp, 
intense 16 A. line and a satisfactory diffraction pattern, indicating restoration of 
proper orientation of the crystal plates. These results, thus, partly explain the 
improvement of x-ray patterns of soil clays resulting from prior treatment to 
remove free iron oxides. 

SUMMARY 

A modification was developed in the method of Jeffries for reduction and 
solution of free iron oxides from soils and clays by means of nascent hydrogen. 
The sample is boiled in 10 per cent ammonium tartrate solution in contact with 
metallic aluminum. Ammonia formed volatilizes, thus stabilizing the solution 
at a favorable reaction of approximately pH 6.4. A relatively short digestion 
time (usually 15 to 45 minutes) suffices, during which attack on montmorillonite, 
kaolinite, muscovite, and hydrous mica is unappreciable to slight unless the 
lattices contain notable amounts of ferric iron. The method is decidedly less 
destructive to these lattices than earlier methods. With pure nontronite, the 
lattice is markedly attacked by this or other methods because of ease of reduction 
of the crystal lattice ferric iron present. The use of nascent hydrogen instead 
of hydrogen sulfide for reduction of ferric oxide avoids the formation 5f iron 
sulfides, which mask observation of the course of the reaction and tend to become 
difficulty soluble. 

Removal of free iron oxides, which tend to aggregate clay particles, resulted 
in increases of 6 to 29 per cent in the amounts of fine clay mechanically separated 
from four soils. 

Drying base-exchange material containing exchangeable basic ferric iron 
/ /OHy 

I clay-FCv ) caused fixation of part of the exchange-iron (Clay — Fe == 0). 
\ \OH/ 

The base exchange charges thus involved became nonfunctional, but were re- 
activated on displacement of the fixed exchange-iron by digestion in an alkaline 
solution of sodium tartrate. With the clay fractions of Carrington, Miami, 
Spencer, Lufkin, and Cecil soils, increases in base-exchange capacity due to 
removal by this treatment of fixed exchange-iron ranged from 10 to 59 per cent 
of their base-exchange capacities before treatment. 

The x-ray diffraction patterns of soil clays made after removal of free iron 
oxides were usually sharper and more intense than patterns of the untreated 
clays. The x-ray diffraction lines of montmorillonite containing fixed exchange- 
iron were less sharp than those of untreated montmorillonite, but were fully as 
sharp after removal of the fixed exchange-iron. 
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Many methods have been proposed for the deteimination of base-exchange 
capacity of soils. Most of the proposed methods are somewhat the. same in 
principle, that is, the soil is leached i?vdth a salt solution, the excess saturating 
solution is washed out with methyl or ethyl alcohol, and the adsorbed cation is 
replaced and determined. Chapman and Kelley (1) found that NH4 may be lost 
from the exchange complex as a result of washing with an excess of methyl 
alcohol. When the acidity of the alcohol was neutralized with NH4OH, however, 
no such loss occurred. In order to eliminate the necessity of washing mth methyl 
alcohol. Chapman and Kelley determined the excess saturating solution after 
the soil had been saturated with NH4 by the use of NH4CL They determined 
the NH4 and Cl in the sample and by difference calculated the amount of NH4 in 
the exchangeable form. They found close agreement between results by this 
method and those obtained by washing with neutral methyl alcohol . 

This investigation was undertaken mth the idea of developing a simple pro- 
cedure which would eliminate the necessity for washing out the excess saturating 
solution. In the modified method, which follows, the quantity of excess saturat- 
ing solution is determined by subtracting the dry weight of the funnel, filter 
paper, and sample from the weight of the combination after the sample has been 
leached first with a N solution of the saturating salt and then with a 0.1 N 
solution of the salt. The excess 0.1 N solution and [the adsorbed cation are 
leached out and determined. The total cation minus that present as 0.1 N solu- 
tion is equal to the base-exchange capacity. Any saturating solution may be 
used if the saturating cation lends itself readily to chemical determination. 

METHODS AND MATERIALS 

The modified method for determining base-exchange capacity using barium 
acetate as the saturating solution is as follows: Weigh a quantity of soil equiva- 
lent to 1 to 2.5 m.e. of exchange capacity into a 150-ml. beaker. Add approxi- 
mately 25 ml. of a A solution of barium acetate to the soil. After the sample 
has stood an hour with intermittent stirring, wash it into a w^eighed funnel and 
filter paper. Leach the sample with a total of 250 ml. of a N barium acetate solu- 
tion containing 0.5 per cent n-butyl alcohol intermittently over a period of ap- 
proximately 24 hours. Then leach with 250 ml. of 0.1 N solution containing 
0.5 per cent n-butyl alcohol over a period of 24 hours. At least 100 ml. of the 
0.1 N solution should be put through during the last 2 or 3 hours of leaching. 
When the last portion of 0.1 A solution drains through, w^eigli the funnel con- 
taining the sample and filter-paper. The weighing may be done rapidly and with 
sufficient accuracy with a torsion balance having a sensitivity of 0.1 gm. Care 
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should be taken to wash the sides of the funnel and the top of the filter paper well 
with the 0.1 N solution. The weight of the funnel, filter paper, and sample after 
being washed with 0.1 N solution minus the dry weight of the combination is 
equal to the milliliters of excess 0.1 N solution in the sample. Leach out the 
excess 0.1 N barium acetate solution and the adsorbed barium with 250 ml. of 
approximately 0.2 N HCl and determine the total barium present. The total 
barium minus the quantity present as 0.1 N solution is equal to the exchange 
capacity. The barium is determined in the following manner using tetra- 
hydroxyquinone as an internal indicator ( 6 ) : To a 25-ml. aliquot add 0.05 N 
K 2 SO 4 solution slightly in excess of that necessary to precipitate the barium. 
Titrate to the end point of phenolphthalein with NH4OH ( 1 + 1). If the ex- 
tract is likely to contain more than 60 p.p.m. of phosphorus, brom cresol green 
should be used instead of phenolphthalein. Add 35 ml. of 95 per cent alcohol 
and 2 ml. of 0.25 N AgNOs. Titrate the excess sulfate to the end point of the 
THQ sulfate indicator with 0.05 A BaCb. The indicator changes from yellow 
to a permanent rose-red color at the end point. One dipper of THQ should be 
added at the beginning of the titration and another one toward the end of the 
titration. This method of determining barium checks well with the standard 
gravimetric method of determining barium as barium sulfate. 

Base^exchange capacity was run by saturating with calcium acetate and 
ammonium acetate in the above manner. When calcium acetate was used, 
calcium was determined by precipitating the calcium as the oxalate and titrating 
with standard KMnQ 4 . In the case of ammonium acetate the NH3 was distilled 
over into boric acid and titrated with standard HCl. 

For comparison with the modified method, base-exchange capacity was deter- 
mined by washing out the excess saturating solution \vith 80 per cent alcohol. 
The alcohol was neutralized with the base of the particular cation used for 
saturating the soil, except in one case where barium acetate adjusted to pH 5.0 
was used as the saturating solution. This method will be designated as the 
‘^standard method” throughout the paper regardless of the saturating solution 
used. 

All data, except some of those in tables 4 and 5, were obtained by using saturat- 
ing solutions containing 0.5 per cent n-butyl alcohol. 

The soils used in this study range from sands to peats. Some of the sands were 
developed under conditions of poor drainage and, as a result, contain considerable 
organic matter and therefore a rather high base-exchange capacity. 

RESULTS 

A comparison of the modified method of deternaining base-exchange capacity 
with the ''standard method” is presented in table 1. The data show that there 
is no appreciable difference between the two methods when neutral barium 
acetate is used as the saturating solution. When neutral ammonium acetate 
is used as the saturating solution the -'standard method” gives lower values for 
six of the nine soils. Since Ba+'^ is more strongly adsorbed by the exchange com- 
plex than is NH 4 '^, it is less likely to be lost by hydrolysis and subsequent removal 
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by the alcohol washings. Also, in some cases the alcohol washing dissolved 
considerably more organic matter from the NH 4 -saturated soils than from the 
Ba-saturated soils. The dissolution of organic matter from the NH 4 -saturated 
soils may have caused low results mth the “standard method.'' 

It is frequently desirable to determine base-exchange capacity at some pH 
other than 7.0. The data in table 2 show the results of the two methods for 

TABLE 1 


Comparison of the modified mMhod of determining base-exchange capacity with the standard 
method using neutral saturating solutions 


SOIL TYPE 

BASE-EXCHANGE CAPACITY* 
AS MEASURED BY NEUTRAL 
BARIUM ACETATE SOLUTION 

BASE EXCHANGE CAPACITY 
AS MEASURED BY NEUTRAL 
AMMONIUM ACETATE 
SOLUTION 

Modified 

method 

Standard 

method 

Modified 

method 

Standard 

method 


m.e* 

m.e. 

m.e. 

m.e. 

Leon sand 

7.9 

8.0 

5.5 

5.6 

Fellowship fine sandy loam.... 

11.8 

11.4 

8.4 

7.8 

Portsmouth sand 

22.8 

23.0 

14.5 

12.6 

Bayboro clay loam 

45.3 

46.4 

32.0 

29.7 

Orangeburg fine sandy loam 

7.7 

8.0 

5.3 

5.5 

Norfolk sand. 

4.5 

4.2 

2.9 

3.1 

Brighton peat 

135.7 

135.0 

95.3 

91.0 

Everglades peat 

240.0 

240.0 

144.1 

133.0 

Okeechobee muck 

114.0 

112.8 

84.5 

76.5 


* In this and all subsequent tables, m.e. = m.e. per 100 gm. soil. 


TABLE 2 

Comparison of the modified method of determining base-exchange capacity with the standard 
method using a barium acetate solution adjusted to pH S.O 


BASE-EXCHANGE CAPACITY 


SOIL TYPE 

Modified 

method 

Washed with 

80 per cent 
alcohol—pH 5.0 

Washed with 

80 per cent 
alcohol— pH 7.0 

Leon sand 

m.e. 

5.5 

m.e. 

6.0 

m.e. 

6.0 

Follnwship fine sandy loam. . 

7.6 

8.8 

9.0 

Portsmouth sand 

, 16.8 

19.0 

18.5 

Bayboro clay loam 

29.4 

35.6 

35.6 

Orangeburg fine sandy loam 

5.4 

5.4 

5,8 

Norfolk sand. 

2.9 

2.9 

2,7 

Brighton peat. 

96.7 

106.8 

105,6 



barium acetate adjusted to pH 5;0. In most cases the “standard method” 
gives higher values than the modified method. According to the data it makes 
little difference whether the 80 per cent alcohol used with the “standard method” 
is adjusted to pH 5.0 or pH 7.0. It is interesting to note that the base-exchange 
capacity as measured by barium acetate at pH 5.0 is only about 70 per cent as 
great on the average as the base-exchange capacity at pH 7.0. 
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To test the method further, three concentrations of barium acetate were used 
to wash out the neutral N barium acetate. The data are reported in table 3. 
The exchange values for the three concentrations used are very similar, though 
those for the 0.2 N barium acetate are slightly higher in all but one case. A 
relatively low concentration should be used in order to keep the barium content 

TABLE 3 


Effect of the concentration of the second MO-ml. portion of barium acetate leached through in the 
modified method on base-exchange capacity 



BARIUM ABSORBED 

soil. TYPE 

Normality of second 2S0-m.l. portion of 
barium acetate 


0.05iV 

OAN 

o.2i\r 

Leon sand 

w.e. 

7.6 

m,e. 

7.9 

m.e. 

7.9 

Fellowship fine sandy loam 

11.5 

11.8 

12.6 

Portsmouth sand 

22.9 

22.8 

23.5 

Bayboro clay loam 

45.1 

45.3 

45.8 

Orangeburg fine sandy loam 

7.9 

7.7 

8.6 

Norfolk sand 

4.3 

4.5 

4.8 

Brighton peat 

135.5 

135.7 

137.7 


TABLE 4 

Influence of N -butyl alcohol and time of leaching on the base-exchange capacity as measured by 

neutral barium acetate* 


son, TYPE 

BARIUM ADSORBED 

Time of intermittent 
leaching with barium acetate 
solutions 

Time of intermittent leaching 
with barium acetate solutions con- 
taining 0.5 per cent «-butyl 
alcohol 

5 hrs. 

44 hrs. 

90 hrs. 

S hrs. 

20 hrs. 

44 hrs. 


tn.e. 

tn.e. 

m.e. 

m.e. 

m.e. 

m.e. 

Leon sand 

5.8 

6.7 

6.8 

1 6.5 

7.9 

7.9 

Fellowship fine sandy loam — ... 

7.9 

10,2 

11.2 

9.4 

11.6 

11.8 

Portsmouth sand. 

17.4 

19.6 

20.4 

20.8 

21.1 

22.8 

Bayboro clay loam 

36.9 

41.8 

44.0 

42.3 

43.7 

45.3 

Orangeburg fine sandy loam. . — 

5.9 

6.9 

7.6 

5.8 : 

7,7 

7.7 

Norfolk sand 

2.7 

3.7 

3.9 

3.7 

3.7 

4.5 

Brighton peat — 

115.2 

130.6 

134.8 

121.0 

130.0 

135.5 


* Modified method. 


in the excess solution low in comparison to the quantity of adsorbed cation, 
Schollenberger and Dreibelbis (5) suggested that the time of contact of soil 
with the saturating solution may influence the magnitude of the exchange capac- 
ity. To study the effect of time of leaching on base-exchange capacity, several 
soils were leached inteimittently for 6, 44, and 90 hours The same volume of 
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barium acetate was used in each case. In most instances there was an ap- 
preciable increase in barium adsorption with increasing time of leaching. The 
data are presented in table 4. Part of the increase in exchange capacity with 
time may be due to more thorough wetting and greater penetration of the solution 
into the soil particles. To study this point ?i-butyi alcohol was added to the 
barium acetate solution at the rate of 0.5 per cent, and the same soils were leached 
for 5, 20, and 44 hours. The addition of ri-butyl alcohol resulted in higher ex- 
change capacity for comparable leaching time. The fact that n-butyl alcohol 
lowers the surface tension of the solution may account for the more rapid equilib- 
rium between the soil and solution as a result of more rapid wetting. Mehlich 
(4) found that barium adsorption was greater with longer contact between the 
soil and saturating solution. 

TABLE 5 

Influence of N-hutyl alcohol and time of leaching on base-exchange capacity as measured by 

neutral ammonium acetate* 


NH4 adsorbed 


SOIL TYPE 

Time of intermittent 
leaching with ammonium 
acetate solutions 

Time of intermittent 
leaching with ammonium 
acetate solutions contain- 
ing 0.05 per cent «-butyl 
alcohol 


S hrs. 

90 hrs. 

5 hrs. 

44 hrs. 

Leon sand 

m.e. 

5.7 

m.e. 

5.1 

m.e. 

6.0 

m.e. 

5.6 

Fellowship fine sandy loam 

8.7 

8.6 

7.9 

8.4 

Portsmouth sand. 

13.5 

13.7 

14.3 

14.6 

Bayboro clay loam 

30.0 

31.1 

31.6 

32.0 

Orangeburg fine sandy loam 

6.2 

6.0 

5.1 

5.3 

Norfolk sand. 

2.6 

2.7 

2.8 

2.9 

Brighton peat 

90.0 

91.5 

94.0 

95.3 

Everglades peat 

128.0 

127.7 

145.6 

144.1 

Okeechobee muck 

76.0 

77.2 

84.7 

84.6 


* Modified method. 


The same type of study was made using ammonium acetate. The data, 
reported in table 5, show that the base-exchange capacity did not change with 
time of leaching, and the addition of n-butyl alcohol had little effect in most 
cases. Since neutral ammonium acetate caused considerable dispersion, equi- 
librium between the soil and the saturating solution was probably established 
rather quickly without the addition of n-butyl alcohol. 

Golden ah (2) found that various saturating solutions gave a wide range in 
exchange capacity for several Maryland soils. Ammonium acetate, for example, 
gave only about 60 per cent as high exchange capacity as barium acetate. They 
concluded that potassium and barium acetates were the best for estimating total 
exchange capacity . 
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The exchange values for the nine Florida soils studied, as measured by the 
modified method using neutral calcium acetate solution, were found to be as 
follows: 

BASE-EX- 
CHANGE CAPACITY 


SOIL TYPE 

Leon sand 8.4 

Fellowship fine sandy loam 12.6 

Portsmouth sand 21.5 

Bayboro clay loam 44.4 

Orangeburg fine sandy loam 8.4 

Norfolk sand 6*5 

Brighton peat 136 . 0 

Everglades peat 245 . 3 

Okeechobee muck 120 . 4 


These data in comparison with those reported in table 1 show that calcium 
and barium acetates give virtually the same exchange values for these soils 
whereas ammonium acetate gives much lower values. Calcium should come 
nearest to giving the true base-exchange capacity of a soil, since it is the dominant 
base in most soils. Since barium is easy to determine and gives about the same 
exchange capacity as calcium, it appears to be a satisfactory cation to use for 
determining base-exchange capacity of Florida soils. As pointed out by Kelley 
(3) there is a possibility that barium may be held in the soil in a nonreplaceable 
form by such substances as colloidal Si02, AI2O3, and Fe 203 . On the other hand, 
barium acetate has less solvent action on organic matter than ammonium acetate, 
and this factor probably outweighs the possible disadvantage of barium of 
forming insoluble compounds. 


DISCUSSION 

The modified method as outlined can be used for any type of saturating solu- 
tion provided the saturating cation can be accurately determined. The soils 
used in this study were easy to filter, and therefore ordinary filtering funnels were 
used. For heavier soils Hirsch filtering funnels or small Buchners with suction 
work satisfactorily. 

For the soils studied the method of determining barium by titrating to the end 
point of THQ sulfate indicator compared favorably with the standard gravimetric 
method for determining barium. Enough phosphate may dissolve from soils 
high in phosphate to interfere with the titration. The presence of too much 
phosphate would precipitate some barium and lead to low results. It is doubtful 
if many soils contain enough acid-soluble phosphorus to interfere to an ap- 
preciable extent. 

A very small error is involved in determining the excess saturating solution 
by weight differences. The weight of the adsorbed cation is figured as a part of 
the weight of excess saturating solution. For example, in the case of barium, 
the weight of 1 m.e. of adsorbed barium would be 0.068 gm. If the original soil 
was hydrogen-saturated and 0.1 N barium acetate was used as the final leach- 
ing solution, a negative error of 0.67 per cent would result. If the original soil 
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sample was calcium-saturated there would be a negative error of 0.48 per cent. 
An error of this magnitude is negligible. 

When this study was initiated, 0.1 N was adopted as the concentration of the 
final saturating solution in the modified method; therefore, most of the data 
presented were obtained by using 0.1 N solutions. The data in table 3 show 
that there is no appreciable difference in exchange values when 0.05, 0.1, or 0.2 
N barium acetate solutions are used. From the analytical standpoint it is well 
to keep the quantity of excess cation as low as possible in comparison to the 
adsorbed cation. For routine base-exchange determinations 0.05 N solutions 
should be used as the final saturating solution. 

SUMMARY 

A modified method for determining base-exchange capacity of soils has been 
described which eliminates the necessity of washing out the excess saturating 
solution. In the modified method as outlined the soil sample is leached first 
with 250 ml. of a iV solution of the saturating salt and then with 250 ml. of a 
0.1 N solution of the salt. The quantity of excess 0.1 N solution is determined 
by subtracting the dry weight of the funnel, filter paper, and sample from the 
weight of the combination after the sample has been leached with the 0,1 N 
solution. The excess 0.1 N solution and the adsorbed cation are leached out with 
0.2 N HCl and the total quantity of the cation is determined. The total cation 
minus that present as excess 0.1 N solution is equal to the base-exchange capacity. 
The method may be used with any saturating solution provided the saturating 
cation can be determined accurately. 

When neutral barium acetate was used as the saturating solution the modified 
method gave the same results as the ^ ^standard method^’ (washing with 80 per 
cent alcohol). When neutral ammonium acetate was used, however, the modi- 
fied method gave higher results in most cases. When barium acetate adjusted 
to pH 5.0 was used as the saturating solution, the modified method gave lower 
results in most cases than the ^ ^standard method.’’ 

Base-exchange capacity increased appreciably with time of intermittent leach- 
ing when barium acetate was used. The addition of 0.5 per cent of n-butyl 
alcohol to the barium acetate solution lowered the leaching time necessary to 
obtain equilibrium between the soil and the saturating solution. When am- 
monium acetate was used as the saturating solution, base-exchange capacity 
did not change appreciably with time of leaching or with the addition of n-butyl 
alcohol. 

Nine Florida soils showed about the same exchange capacity as measured by 
calcium or barium. Base-exchange values as measured by ammonium 
were only 65 per cent as high on the average as the calcium and barium 
values. 
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There are a number of methods for measuring soil moisture in situ- The 
method used depends upon the moisture range involved. Whether or not it is 
necessary to construct a calibration curve for a particular instrument for various 
moisture contents of any given soil often depends upon the information desired 
and upon the method used. Even though in a few cases such calibration curves 
are not essential, they are generally beneficial and in most cases would be deter- 
mined if some simple, accurate method for obtaining them were available. The 
following paper deals with a simple method of calibration. 

In following soil moisture changes on an irrigation experiment wdth guayule, 
several methods were used. Among these was the plaster of paris block method 
described by Bouyoucos (2). When the blocks were first purchased, an attempt 
was made to calibrate them by the Bouyoucos method. Ver}^ unsatisfactory re- 
sults were obtained, because of either poor technique or an inherent error in the 
method. Anderson and Edlefsen (1) present data that show there is a tremen- 
dous lag in calibrating plaster of pairs blocks by this method. They came to the 
conclusion that a satisfactory calibration curve can be obtained only by placing 
the block ‘^in a soil surrounded by roots of actively transpiring plants and then 
observing the relationship between soil moisture content and the block resist- 
ance.’’ They considered it essential to do this in order to obtain a uniform 
soil moisture content. Calibrations obtained in this way require considerable 
time, space, and labor. 

PROCEDURE 

It was thought that the same results could be obtained more simply by a 
different procedure. One was devised for calibrating the units by embedding 
them in a representative sample of soil, using a technique similar in several re- 
spects to that described by Shaw and Baver (4). The soil was placed in a wire 
basket (|-inch mesh) of dimensions 1| by 2f by 3J inches. The inside of the 
basket was lined with cloth (unbleached muslin). The electrode was centrally 
located in the soil, leaving | inch of soil on all sides of the electrode. The soil 
was completely wet by capillarity and then placed into a humidity chamber (rela- 
tive humidity 93 to 98 per cent) to drain. After 48 hours it was removed and 
placed on a |-inch mesh wire support which allowed evaporation from all sides. 
After 5 hours it was again put into the humidity chamber and allowed to remain 
there 19 hours, after which it was removed, weighed, and the resistance of the 

1 Soils technologist, Special Guayule Eesearch Project, Bureau of Plant Industry, Soils, 
and Agricultural Engineering, Agricultural Research Administration, U. S. Department 
of Agricultui’e, Salinas, California. 
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unit determined. It was again left on the wire stand for 5 hours, then put into 
the humidity chamber for 19 hours, removed, weighed, and the resistance of the 
unit determined as before. This procedure was continued until the soil no longer 
lost moisture w^hen exposed to the air. In the humidity chamber evaporation 
was retarded and opportunity was presented for moisture conditions throughout 
the block to approach equilibrium. 

RESULTS AND DISCUSSION 

When the above procedure was used, smooth and reproducible curves w^ere ob- 
tained. An example is given in figure lA. The soil used was Chualar loam. It 
has a ^ Afield capacity” and wilting point of 16 per cent and 6 per cent, respectively, 




Fig. 1A. Calibration curve of Chualar loam obtained by three separate determinations, 
using different plaster of paris blocks. 

Fig. IB. Calibration curve obtained on three plaster of paris blocks without soil. 

as determined by the methods of Veihmeyer (5)^. In a calibration of this type it 
is necessary to subtract the water in the plaster of paris block at any given re- 
sistance. This is done in order that the water held by the block will not be in- 
cluded with that held by the soil, thus giving an apparent increase in soil moisture 
percentage. The resistances of the plaster of paris blocks vs. grams of water held 
by the blocks at various resistances are given in figure IB. This curve was used 
in making subtractions for the amount of water held by the plaster of paris 
block at various resistance readings. 

It could be possible to obtain reproducible curves such as those given in 
figure 1 A and still have a large differential moisture content between the center 
and the outer layers of the soil sample. In order to ascertain whether or not this 
was the casCj a number of duplicate soil samples were prepared in wire baskets in 

® Veihmeyer, F. J. Method of determining permanent wilting percentages of soils. 
Univ. of Calif., Col. of Agr,, Davis, Calif. Correspondence. 
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the manner previously described except that the plaster of paris blocks were 
omitted. The treatment given these soil blocks was the same as that described 
for the calibration of the plaster of paris blocks. At intervals of a few days, when 
the soil blocks were removed from the humidity chamber one was selected at 
random, the wire basket and cloth were removed, and a slice approximately 
J inch thick was pared from each of the four vertical surfaces, leaving a block 
1 by by 3| inches. For moisture determination the block was then sec- 
tioned horizontally into seven layers, each J inch thick. The J-inch slices 
were removed from the vertical surfaces in order to eliminate, as nearly as pos- 
sible, the masking effect of a dry layer all around the subsequent samples in case 

TABLE 1 


Percentage moisture in various 'portions of soil block that was wetted^ then alternately dried 
5 hours under laboratory conditions and placed in humidity chamber for 19 hours 


DETERMI- 

NATION 

DAYS 

AFTER 

WETTING 

SOIL LAYERS 

WEIGHTED 

AVERAGE, 

ENTIRE 

BLOCK 

1 

2 

3 

4 

5 

6 

7 

Outside* 

1 


6.2 

6.5 

6.8 

6.8 

6.8 

6.4 

6.4 


6.6 

2 

4 

15.2 

17.0 

17.9 

17.8 

18.8 

17.8 

16.4 


17.3 

3 

7 

14,3 

14.1 

13.6 

14.3 

14.1 

14.0 

14.6 


14.1 

4 

10 

10.3 

11.3 

9.1 

10.3 

10.9 

10.1 

10.6 


10.4 

5 

15 

2.8 

3.2 

3.6 

3.7 

3.9 

3.9 

3.5 


3.6 

6 

19 

1.4 

1.6 

1.7 

1.9 

1.9 

1.9 

1.7 


1.7 

7 

3 

12.0 

14,5 

15.0 

15.0 

14.7 

16.2 

16.9 


15.0 

8 

7 

6.2 

6.2 

6.2 

6.2 

6.3 

6.3 

6.5 


6.3 

9 

0 

21.1 

21.8 

23.2 

23.2 

22.9 

22.9 

23.1 

23.6 

23.1 

10 

2 

14.5 

17.7 

18.2 

17.9 

17.2 

17.6 

19.0 

17.3 

17.4 

11 

3 

14.0 

15.4 

15.2 

15.3 

15.9 

16.4 

15.0 

13.9 

14.7 

12 

4 

14.2 

17.2 

15.5 

13.9 

13.7 

14.7 

14.3 

14.0 

14.4 

13 

6 

6.9 

7.8 

7.9 

7.8 

7.6 

8.3 

7.6 

7.9 

7.8 

14 

7 

7.6 

8.2 

7.7 

7.5 

6.3 

7.0 

7.4 

6.6 

7.1 

15 

9 

5.4 

5.5 

5.5 

5.2 

5.3 

5.3 

5.5 

5.2 

5.3 

16 

10 

5.4 

5.8 

5.8 

5.8 

5.7 

5.8 

5.9 

5.4 

5.6 

17 

11 

2.3 

2.9 

3.3 

3.3 

3.3 

3.2 

2.8 

2.1 

2.6 

18 

12 

1.4 

1.7 

1.8 

1.9 

1.8 

1.7 

1.5 

1.3 

1.5 


* Outside layer refers to the material pared from the four vertical surfaces of the blocks. 


such a dry layer existed. With this procedure, any large differential in moisture 
content from the outside to the center of the soil block should show up in the 
moisture content of the various layers. The seven |-inch layers are numbered 
consecutively from top to bottom. In table 1 are given the data obtained from 
18 individual determinations. It is seen that the very top layer, no. 1, is 
usually the driest but that there are no large differences in moisture content of the 
various layers. As small as this lag was, it is probable that if the blocks had been 
left in the humidity chamber longer, the difference would have been still less. 

It was thought that perhaps it would not be necessary to place the soil blocks 
in a humidity chamber at all in order to obtain satisfactory calibration curves for 
field use. Calibrations were made in which the soil, after being w’'et by capil- 
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larit}^ allowed to drain in a humidity chamber, and then removed from the hu- 
midity chamber, was left under laboratory conditions until dry. These calibra- 
tion curves were smooth, but were not entirely reproducible. Soil blocks were 
treated in this same way and then divided for moisture determinations as indi- 
cated earlier. The results of several determinations are given in table 2. There 
is considerable variation in the soil moisture content of the various layers, 
especially at the lower moisture contents. Evident^ at the higher moisture 
values the movement of the water in the soil is sufficiently rapid to keep the en- 
tire block at a nearly uniform moisture content, but at lower moisture levels 

TABLE 2 


Percentage moisture in various portions of soil block exposed to laboratory conditions 

continuously 


DETERMI- 

NATION 

HOURS* 

SOIL LAYERS 

WEIGHTED 

AVERAGE, 

ENTIRE 

BLOCK 

i 1 

2 

3 

4 

5 

6 

7 

Outsidef 

1 

24 

22.1 

22.6 

22.3 

22.0 

22.6 

22.5 

21.5 

22.5 

22.4 

2 

48 

13.6 

13.9 

13.8 

13.6 

13.7 

14.0 

13.7 

14.0 

13.9 

3 

72 

4.8 

6.5 

7.1 

7.4 

7.4 

7.2 

6.6 

4.3 

5.5 

4 

96 

1.9 

2.4 

3.0 

3.3 

3.3 

2.8 

2.0 

1.7 

2.2 

5 

24 

19.0 

19.7 

20.3 

20.4 

19.8 

21.2 

20.4 

20.6 

20.4 

6 

32 

19.4 

19.0 

18.7 

18.4 

17.1 

17.3 

18.0 

19.3 

18.8 

7 

48 

12.3 

12.7 

12.6 

12.9 

12.9 

12.9 

12.6 

13.0 

12.9 

8 

56 

7.9 

8.4 

8.4 

8.7 

8.7 

8.7 

8.4 

7.1 

7.7 

9 

72 ; 

3.2 

4.6 

5.4 

5.8 

5.9 

5.8 

4.3 

2.8 

4.0 

10 

80 

2.1 

3.1 

3.6 

3.9 

4.0 

3.4 

2.4 

1.8 

2.5 

11 

32 

20.4 

21.0 

21.8 

22.4 

22.6 

22.7 

23.2 1 

22.1 

22.1 

12 

48 

16.5 

16.6 

16.9 

17.1 

17.1 

17.8 

17.9 

18.0 

17,7 

13 

51 

14.7 

15.0 

15.6 

15.2 

15.0 

15.3 

15.5 

15.5 

15.3 

14 

56 

12.1 

12.0 

12.5 

12.2 

12.4 

12,6 

12.7 

12.2 

12.3 

15 

72 

8.3 

9.1 

9.3 

9.4 

9.3 

1 9.5 

9.0 

8.0 

8.4 

16 

75 

8.7 

9.2 

9.8 

9.8 

9.8 

9.7 

9.4 

8.4 

9.0 

17 

80 

7.1 

7.7 : 

7.6 

8.0 

7.9 

7.7 

7.2 

5.2 

6.5 

18 

96 

3.3 

4.5 

5.0 

4.9 

4.7 

4.5 

3.4 

2.4 

3.5 

19 j 

101 j 

2.7 

4.5 

5,0 

4.7 

4.7 

4.1 

2.6 

2.3 

3.2 

.20 

104 

1.9 

2.7 

3.6 

4.0 

4.2 

3.9 

3.1 

2.2 

2.9 


* Elapsed time after the blocks were removed from the humidity chamber, 
t Outside layer refers to the material pared from the four vertical surfaces of the blocks. 


evaporation from the surface is greater than the movement of water within the 
block. 

One of the main concerns, however, is whether or not a plaster of paris block 
centrally located is in contact with soil of about the same moisture content as the 
average for the whole soil sample. This average moisture content is the value 
used in a calibration curve. A plaster of paris block in these wire baskets extends 
into or through all the layers with the exception of nos. 1 and 7. 

Since the plaster of paris block is centrally located, layer no. 4, which is the 
center layer, should most nearly correspond to the moisture content of the soil 
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in contact with the unit. The ideal condition would be for the moisture content 
of the soil in contact with the unit to be the same as the average for the entire soil 
block. In figure 2 the percentage moisture in layer no. 4 is plotted on the ordi- 
nate and the average percentage moisture of the entire soil block on the abscissa.' 
The straight line with a slope of 1 represents the ideal relationship. It is appar- 
ent that when the soil blocks were put into the humidity chamber they ap- 
proached this equilibrium, but this W'as not the case for the blocks .which were 
left under iaboratoiy conditions entirely. This relationship for the soil, blocks 
left under laboratory conditions depends to a large extend upon two factors: 
first, the nature of the soil, and second, the rate of evaporation from the surface. 
The nature of the soil affects this relationship in that it determines the rate of 



Fig. 2. Relation of Average Moisture Content of Entire Soil Block to Moisture 

Content at Center op Block 

movement of water in the soil block. If water movement in the soil is rapid, the 
calibration curve obtained will approach more closely the correct one, whereas if 
the water movement is slow, the opposite will occur. If the evaporation from the 
the surface of the soil block is rapid, the differential in moisture content between 
the center and outer layers of the block will be accentuated. If evaporation from 
the surfaces is slow, the calibration curve may approach the correct one. It is 
this variation in evaporation that is thought to be the cause of failure to obtain 
duplicate calibration curves when the soil blocks are left under laboratory con- 
ditions continuously. 

At the time the values presented in table 2 were being obtained without the 
use of the humidity chamber, calibration curves for the plaster of paiis blocks 
were being concurrently determined for the same soil, by means of the same pro- 
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cedure. One of these calibration curves, along with a correct one, is given in 
figure 3. The curve obtained without the use of the humidity chamber is dis- 
placed to the left indicating a lower moisture content for the same resistance. 
This should be the case, since the outer layers are drier than the center, and it is 
the soil in the center with the higher moisture content which is in contact with the 
plaster of paris blocks. 

Even though the moisture in the soil blocks very closely approached equili- 
brium after being in the humidity chamber for 19 hours, it is possible that there 
could be a small error in the calibration curves due to the soil-plaster-of-paris 
interface. It is essential that this interface present little or no hindrance to the 
movement of water from the plaster of pans blocks to the soil. For most soils 
this probabty would be true. On very light soils, however, where the pores are 
relatively large, this might be questioned. It is possible to conceive of a soil in 



Fig. 3. Calibration Curves of Chualar Loam 

which the pore space would be of such size that most of the water would be lost at 
tensions much below that required to remove the water from the plaster of paris 
blocks. In such a soil the funicles of water would break while there was yet an 
appreciable amount of water in the plaster of paris block. Under such con- 
ditions the water in the plaster of paris would have to be moved by gaseous ex- 
change. Since this process is relatively slow, it would require some time to cali- 
brate such a soil. The calibration curve would probably be correct up to the 
point where most of the funicles of water in the soil were broken. We have not, 
however, experienced such a soil in this laboratory. 

During the calibration of various soils, tests have been made on a number of 
samples, varying in texture from very light to medium-heavy, in order to deter- 
mine whether equilibrium was actually established in all cases. In these tests 
the soils were left for as long as 187 hours in the humidity chamber. Resistance 
readings were taken every 24 hours after the first 19-hour period. This was done 
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at several moisture percentages for each soil. In only one soil, Coachella loamy 
sand, was there an appreciable change in resistance after 19 hours in the humidity 
chamber, and this occurred at a very high resistance. The logarithum of the re- 
sistance changed from 4.75 to 4.90 during the period from the nineteenth to the 
forty-third hour. There was no significant change after 43 hours. Coachella 
loamy sand is a very light soil having 87 per cent sand and a wilting point of about 
1.5 to 2.0 per cent moisture. About 90 per cent of the water held in the soil be- 
tween the ^ Afield capacity” and a tension of 15 atmospheres is lost at 1 atmo- 
sphere tension. For all practical purposes the change in resistance during the 
19- to 43-hour period had no effect on the calibration curve. 

Leaving the soil blocks under laboratory conditions for 5 hours and then plac- 
ing them in a humidity chamber for 19 hours gave satisfactory calibration curves 
in this experiment. It should be stressed, however, that these lengths of time 
may not be the most desirable under all conditions. In some cases it may be 
necessary to either shorten or increase the time of exposure of the soil block to one 
or the other of the two conditions. The number of points desired for any one 
calibration will determine the length of time that the block should be allowed to 
dry under laboratory conditions: the shorter the period of time, the greater the 
number of points. The length of time the soil block should be left in the humidity 
chamber can readily be determined by making frequent resistance readings and 
noting the time at which no further change in resistance occurs. Though in most 
cases 19 hours should be sufficient, it will probably be necessary for the individual 
experimenter to vary the time to suit his needs. 

The method described in this paper has also been used very satisfactorily for 
obtaining calibration curves for Shaw-Baver thermal units (4) as well as for the 
sorption-block method by Davis and Slater (3). 

SUMMARY 

A method is described for the laboratory calibration of various instruments 
used in measuring soil moisture in situ. The unit being calibrated is surrounded 
with I inch of soil, contained in a wire basket lined vith cloth. The soil is wet 
by capillarity and placed in a humidity chamber to drain. It is then removed 
and subjected alternately to 5 hours’ evaporation under laboratory conditions 
and 19 hours in a humidity chamber. This procedure is continued until the soil 
no longer loses moisture when exposed to the air. The weights are recorded and 
the readings for the various instruments are taken each time the soil is removed 
from the humidity chamber. 

When a wetted block of soil of dimensions 1| by 2f by 3| inches was sub- 
jected alternately to 5 hours’ evaporation under laboratory conditions and a 19- 
hour period in a humidity chamber, it was found that there was a small variation 
in moisture content between the outside layers and the center of the block. This 
variation had little effect upon the shape or location of the calibration curves. 

Evidence is presented to show that when the described procedure is used, the 
average moisture content of the whole soil block very closely approximates that 
of the soil immediately surrounding the unit being calibrated. 
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POTASSIUM-INDUCED MAGNESIUM DEFICIENCY IN THE 
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Several workers have suggested that potassium fertilization of apple trees may 
increase the severity of magnesium-deficiency symptoms or induce magnesium 
deficiency under some conditions (2, 10, 12, 16, 20). This paper presents con- 
firming data from field and greenhouse studies with McIntosh apple trees and 
may suggest some of the reasons for this apparent phenomenon. 

DESCRIPTION OP MAGNESIUM-DEFICIENCY SYMPTOMS 

The visible S 3 niiptoms of magnesium deficiency of the McIntosh apple tree 
usually develop after a considerable amount of normal shoot growth has been 
made. The time of appearance depends, among other things, on the degree of 
deficiency, the time when vegetative activity started, and the rainfall in the 
growing season. The greater the deficiency, the earlier the growing season, and 
the greater the accumulated rainfall in the growing season, the earlier symptoms 
mil appear and the more acute they will be by the time of autumnal leaf fall. 

The first evidence of abnormality is usually a fading between the veins of the 
older leaves on some shoots or spurs. These faded areas commonly turn very 
pale yellow, but in some instances quickly scorch and brovm. Ultimately all 
affected leaves have necrotic blotches in them. If the necrosis has occurred 
close to the leaf margin, several blotches may overlap, producing a marginal 
scorch indistinguishable from that caused by potassium deficiency or toxic spray 
or fertilizer materials. The leaf injury proceeds from the older leaves on a shoot 
or spur to the younger ones. On a severely affected branch all of the leaves 
except a few at the very tips of the shoots may have completely shriveled and 
abscissed by early September. Such loss of effective leaf surface is followed by 
heavy preharvest fruit drop and by failure of the remaining fruit to mature 
properly. 

If the deficiency is not very acute, visible symptoms may develop on only a 
single branch or a few branches of a tree. Chemical analysis of the leaves on 
trees showing slight symptoms is helpful in diagnosis (2, 3, 10, 12, 16, 20). De- 
ficiency symptoms may appear on trees having leaves with magnesium contents 
of 0.20 per cent dry weight or less if other conditions favor their appearance. 

FIELD EXPERIMENTS 

All of the field experiments and observations were made at the Burrell Or- 
chards at Peru in the Champlain Valley of New York. All trees have been 

^ The authors acknowledge the assistance of 0. C. Compton, F. L. Davis, Jr., and I. 
Eogel in preparation of the samples for analysis and in performance of some of the analytical 
work. 
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growing in sod and have received naoderate annual applications of ammonium 
sulfate fertilizer. 

Plot 1 

Plot 1 includes four pairs of McIntosh apple trees planted in 1930 on Coloma 
j0ne sandy loam. All of the trees showed severe potash-deficiency leaf scorch 
in 1938. In the spring of 1939, 3 pounds of fertilizer-grade K 2 SO 4 was dug into 
the soil in a narrow band under the tips of the branches of one tree of each pair. 
The treatment was repeated annually. The other tree of each pair was left as 
a check. There was marked reduction in the development of leaf scorch on the 
potash-fertilized trees after two applications, and terminal growth was increased 
in the third and fourth years of treatment (4). In the fourth year of treatment, 
1942, three of the four fertilized trees developed a late-season interveinal leaf 
blotch similar in appearance to that produced by magnesium deficiency. Table 
1 summarizes data obtained in July, 1942, on leaf analysis and appearance of 
this leaf blotch. The table shows that after 4 years of potash fertilization, 
potassium was more than twice as high and magnesium was less than half as 
great in leaves from the three potash-fertilized, trees showing the leaf blotch as 
in the trees paired with them. In the fertilized tree not showing leaf blotch, 
leaf potassium was lower and leaf magnesium was higher than in the other fer- 
tilized trees. Very similar results occurred in 1943. In addition, it was noted 
that autumn leaf-fall was much earlier on the potash-fertilized trees. On 
November 7, 1943, the percentages of leaves estimated to have dropped on check 
and fertilized trees of the four pairs were, respectively: 40 vs. 90, 40 vs. 90, 50 vs. 
80, and 40 vs. 90. 

Plot 2 

Two contiguous rows of McIntosh apple trees planted in 1931 comprise plot 
2 . One row received annual potash supplements in the 5 years 1938-1942 {see 
footnote table 2), and the other received none. Though the trees were but a 
year younger than those of plot 1 , only a few showed even slight potassium de- 
ficiency scorch in 1938 in contrast with the very serious scorch and stunting of 
the trees of plot 1 at that time. The potash-fertilized trees recovered com- 
pletely from the leaf scorch after three treatments. On September 26, 1943, 9 
of the 59 trees in the potash-fertilized row had one or more branches on which 
some basal shoot leaves were showing injuries similar in appearance to magne- 
sium-deficiency leaf blotch, whereas none of the trees in adjacent rows unferti- 
lized with potassium salts showed this injury. Each of the 9 trees showing leaf 
blotch was paired with a tree similar in size and vigor in an adjacent row to which 
no potash w^as added; and a separate sample of 50 leaves was taken from each 
tree of the 9 pairs on September 26 and 27, 1943. A composite soil sample of 
eight borings was taken at a depth of 0-8 inches and another at 8-16 inches under 
each of these trees. Table 2 summarizes leaf and soil analysis data from this 
.plot. , , 

The table shows that 5 years of potash fertihzation caused a very marked in- 
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crease in leaf potassium and in exchangeable potassium in the surface soil, a 
very significant decrease in leaf magnesium and exchangeable magnesium in the 
surface soil, some decrease in leaf calcium, and rather variable exchangeable 
calcium in the surface soil.- A striking increase in exchangeable potassium in 
the subsurface soil and a decrease in exchangeable magnesium followed potash 
fertilization. 

The means of the subsurface soil analyses indicated higher pH and exchange- 
able calcium and magnesium and lower exchange capacity and exchangeable 
potassium than the means of the surface soil analyses. The mean of the ex- 
changeable potassium analyses of the subsurface samples increased from 0.05 

TABLE 1 


Apparent efecis of 4 years of potash fertilization on leaf analysis and symptoms of McIntosh 

apple trees 


PAIJl 

LOCATION 

TREATMENT 

j 1942 LEAR ANALYSIS* 

SYMPTOMSf 




Ca 

Mg 

; K 

1 

71-28 

+Ki 

iier cent 

0.90 

per cent 

0.08 

per cent 

2.40 

—Mg blotch 


71-27 

Ck§ 

1.15 

0.45 

1.01 

None 

2 

72-26 

+K 

1.01 

0.12 

2.08 

—Mg blotch 


72-27 

Ck 

1.47 

0.26 

0.75 

— K scorch 

3 

72-29 

+K 

0.98 

0.19 

1.83 

None 


72-28 

Ck 

1.24 

0.20 

1.16 

None 

4 

73-28 

+K 

1.10 

0.13 

1.95 

—Mg blotch 


73-26 

Ck 

1.38 

0.42 

0.68 

— K scorch 


* Composite sample of 50 shoot leaves per tree taken in July, 1942. Analysis on a dry- 
weight basis. 

t —Mg blotch is described in the text. — K scorch is a staining and necrosis usually 
originating close to the margin of the leaf blade. 

t Starting in 1939, 3 pounds of K2SO4, fertilizer grade, was dug into the ground under 
tips of branches every spring. 

§ No potash supplements. 

to 0.26 m.e./lOO gm. soil as a result of potash fertilization, and this was accom- 
panied by decreases in exchangeable magnesium and calcium. Mean replace- 
able Mg and Ca figures were higher, however, in the subsurface soil under the 
fertilized trees than in the surface soil under the unfertilized trees. 

Earlier autumn leaf-drop from potash fertilization, mentioned in the dis- 
cussion of plot 1, occurred also in plot 2. On November 5, 1943, the 9 potash- 
fertilized trees of table 2 showed an average leaf-fall of 79 per cent, whereas the 

2 The leaf samples from plot 2 were taken 2 months later than the leaf samples from plot 
1, and they are not directly comparable with the samples from plot 1- This is because 
potassium, as percentage of dry weight, normally decreases and calcium increases as the 
season advances, whereas magnesium seems to remain relatively stable (3, 20). 
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TABLE 2 

Apparent effects of 5 years of potash fertilization on analysis of leaves from McIntosh trees and 
analysis of soil under the trees in 194S 


LEAF ANALYSIS* 


TREATMENT 

PAIR 

Ca 

Mg 

K 

+K{ 

1 ^ 

. per cent 

1,46 

per cent 

0.14 

per cent 

1.44 

Ck§ 


1 1.67 

: 0.34 

0.73 

+K 

2 

1.19 

0.10 

1.57 

. Ok , 


.1.42 

0.32 

0.68 

+K 

3 

1.48 

0.18 

1.17 

Ck 


1.79 

0.42 

0.53 

+K 

4 i ' 

1.37 

0.13 

1.35 

Ck 


1.71 

0.35 

0.70 

+K 

■,5 

1.25 

0.11 

1.45 

Ck 


1.81 

0.22 

0.99 

+K 

6 

1.27 ’ 

0.14 

1.17 

Ck 


2.01 

0.38 

0.67 

+K 

7 

1.34 

0.11 

1.29 

Ck 


1.89 

0.31 

0.78 

+K 

8 

1.27 

0.08 

1.57 

Ck 


1.68 

0.32 

0.63 

-fK 

9 

1.49 

0.14 

1.24 

Ck 


1.79 

0.29 

0.74 

+K Average 

1.34 

1 

0.13 

1.36 

Ck Average 

1.75 

0.33 

0.72 

8-16-inch Depth 
-HK Average 





CK Average 


SOILf SAMPLED AT 0-8-INCH DEPTH 


pH 

i Exchange 
capacity 

Exchangeable cations 

Ca 

Mg 

K 


m.e.flQO 

gm. 

m.e./lOO 

gm. 

m.e.flOO 

gm. 

m.e.flOO 

gm. 

4.5 

7.52 

2.95 

0.13 

0.21 

5.0 

8.51 

3.21 

0.19 

0.04 

4.7 ' 

7.00 

1.51 

0.10 

0.27 

5.0 

8.66 

4.01 

0.20 

■ 

0,07 

4.4 

7.87 

2.08 

0.08 

0.48 

4.9 

9.05 

3.53 

0.23 

0.08 

4.3 

7.57 

1.80 

1 0.11 

0.23 

4.9 

7.83 

2.26 

1 0.19 

! 

1 0.07 

4.5 

7.99 

2.10 

0.11 

0.30 

4.7 

7.95 

2.35 

0.19 

0.07 

4.9 

8.48 

3.84 

0.26 

0.32 

4.6 

6.91 

2.33 

0.26 

0.20 

4.1 

7.46 

2.26 

0.11 

0.40 

4.3 

8.62 

1.86 

0.26 

0.10 

4.3 

8.51 

2.42 

0.15 

0.42 

4.4 

8.42 

1.84 

0.24 

0.20 

4.3 

8.98 

2.68 

0.22 

0.43 

4.6 

8.74 

2.72 

0.31 

0,24 

4.411 

7.93 

2.40 

0.14 

0.34 

4.7 

8.30 

2,67 

0.25 

0.12 

5.0 

5.47 

2.98 

0.48 

0.26 

5.2 

5.77 

3.31 

0.72 

0.05 


* Composite of 50 shoot leaves from a single tree, sampled at random on September 26 
and 27, 1943. Analysis on a dry- weight basis. 

, t Composite of eight borings from under the branches of a single tree. 

t Potash amendments as follows : 1938, 5 pounds 60 per cent KCl; 1939, 3 pounds 48 per 
cent ^ 2864 ; 1940, 2 pounds KCl; 1941, 3 pounds KCl; 1942, 3 pounds KCl; 1943, no potash 
fertilizer.; 

§ No potash supplement. 

II Mean H-ion coacentratioa converted to pH. 
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corresponding check trees averaged 52 per cent, a heavier leaf-drop having oc- 
curred on the potash-fertilized tree of each pair. If these 9 sets of trees, in 
which the potash-fertilized member had shown blotch, are excluded, the average 
leaf-fall for the 50 remaining trees of each row was as follows: row 28 (no potash), 
46 per cent; row 29 (potash), 72 per cent; row 30 (no potash), 51 per cent. 

In 50 of the 59 sets of three trees, the leaf-fall was heavier on the potash- 
fertilized tree of row 29 than on the corresponding tree of either row 28 or row 
30 ; in 8 sets, the leaf -fall of one tree of either row 28 or row 30 equalled that of 
the tree in row 29, whereas in 1 set, the leaf-fail of a single check tree exceeded 
that of the potash-fertilized tree. Thus the influence of low Mg and/or high 
K in causing earlier autumn leaf-fail, was noticeable, even in the absence of 
magnesium-deficiency blotch. 

TABLE 3 


Apparent effects of potash sources and methods of application on leaf analysis of McIntosh 
apple trees after S annual applications 


TREATMENT* 

1943 LEAF analysis! 


Ca 

Mg 

K 

1. KClf broadcast in 5 foot circle 

per cent 

1.12 

per cent 

0.20 

per cent 

1.85 

2. K2S04§ broadcast in 5-foot circle 

1.06 

0.16 

1.95 

3. KCI broadcast in 10-foot circle 

1.10 

0.16 

2.09 

4. K‘’S04|1 spray 1 per cent solution 

1.18 

0.25 

1.57 

5. No K added 

1.18 

0.35 

0.71 

6. K2SO4 dug in 5-foot circle If 

1.10 

0.19 

1.77 

7. KCI dug in 5-foot circle ^ 

1.09 

0.19 

1.82 



* All soil applications were made in April, 1941, 1942, and 1943. 

t Average of two composites of 100 leaves taken in July, 1943, from eight expexdmental 
trees. Analysis on a dry-weight basis. 

X KCi was applied at the rate of 2 pounds per tree. 

§ K 2 SO 4 ground applications at a rate of 3 pounds per tree. 

II 5 sprays were applied during growing season at a rate of 2 gallons per tree. 

f Treated in 1941 and 1942, but not in 1943. 

Plots 

Plot 3 consists of a small block of McIntosh apple trees planted in 1935 and 
fertilized differentially with potash salts in a randomized experiment (4). The 
treatments and 1943 analyses of leaf samples are presented in table 3. In 1942 
and again in 1943 potassium-deficiency leaf scorch was eliminated in all of the 
trees that received potash in any form, though it was present in eight of the 
nine trees not receiving potash. In 1942, one tree of treatment 1, two trees of 
treatment 2, and two trees of treatment 3 showed some leaf blotch similar to 
that produced by magnesium deficiency. In 1943 the only trees showing blotch 
were the same two of treatment 2. Table 3 shows that the percentage of mag- 
nesium in the leaf samples was inversely related to the percentage of potassium. 
Treatments 2 and 3 produced leaves with the highest potassium and the lowest 
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magnesium contents. Treatments 4 and 5 produced leaves with the lowest 
potassium and the highest magnesium contents. Potassium sulfate and po- 
tassium chloride appeared to have the same effect on leaf analysis and appearance 
of leaf blotch. 

Plot 4 

Plot 4 is situated in a 13 year-old McIntosh orchard that received commercial 
applications of 60 per cent muriate of potash at a rate of 3 pounds per tree in 
the spring of 1941, 1942, and 1943. Branches on some of the trees had basal 
shoot leaves that were showing leaf blotch on September 26, 1943. At that 
time a composite leaf sample of 50 leaves was taken from each of 16 such trees. 
In November a soil sample was taken under the branches of each tree, and one 
was taken in the row middle east of each tree. Every sample was a composite 
of six to eight borings, and the samples were divided into 0-8 and 8-16-inch 
depths. Analyses of leaves and soil samples are presented in table 4. 

In the leaf samples the magnesium content ranged from 0.08 to 0.20 per cent, 
and the potassium content from 0.90 to 1.67 per cent. The two samples highest 
in magnesium were lowest in potassium, and two of the four highest in potassium 
were lowest in magnesium. But between these extremes there was not a close 
inverse relationship.^ 

There was a marked difference between the pH values of the soil samples from 
under the trees and those of the samples from between the trees. The mean pH 
of the surface samples under the trees was 4.3, whereas in the row middles it 
was 5.7. In the subsurface samples, the mean pH under the trees was 4.9 and 
in the row middles 5.9. Only a small part, if any, of tliis difference could have 
been caused by the 3 years of potassium fertilization under the trees. In plot 2 
the mean pH was only 0.3 lower under trees fertilized with potash for 5 years 
than under trees receiving no potash supplement. 

The only fertilizers broadcast in the row middles at rates higher than 100 
pounds per acre were ground limestone in 1940 at 1,000 pounds per acre and 
superphosphate in 1939 and 1942 at 300 pounds per acre. These were applied 
with a centrifugal spreader wliich broadcast a considerable proportion under 
the trees as w-ell as between the rows. Thus little, if any, of the pH difference 
can be attributed to fertilization between the rows. 

It seems likely, then, that the use of wettable sulfur sprays and ammonium 
sulfate fertilizer, both of wiiich are concentrated under the spread of the branches, 
resulted in this acidificat* on of the soil under the trees. 

The difference in pH wwas accompanied by great differences of exchangeable 
calcium and magnesium between the surface samples from under the trees and 
those from the row middles. Mean exchangeable calcium was 0.62 m.e./lOO gm. 
under the trees and 2.97 in the row middles. Mean exchangeable magnesium 
was 0.06 m.e./lOO gm. under the trees and 0.17 in the row middles. With three 

® These samples are not directly comparable with those from plots 1 or 3 because they 
were taken 2 months later. 
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TABLE 4 , 

Leaf analysis of some K-fertilized McIntosh trees showing, magnesium-deficiency blotch and 
soil analysis under and adjacent to the trees 



lEAI' ANALYSIS* 

SOIL SAMPLED At O-S-lNCH-DEPTHf 

locamon 

Ca 

Mg 

E 

Position 

pH 

Exchange 

capacity 

Exchangeable cations 


Ca 

Mg 

K 


per cent 

per cent 

per cent 



m.e./lOO 

gm. 

m.e./lOO 

gm. 

m.e.JWO 

gm. 

m,e.ll00 

gm. 

69-38 

1.16 

0.15 

1.38 

UnderJ 

4.2 

5.97 

0.43 

0.08 

0.31 





Middle! 

6.7 

5.88 

3.24 

0.16 

0.06 

69-41 

1.37 

0.11 

1.33 

Under 

4.6 

5.39 

0.91 


0.22 





Middle 

5.7 

5.69 

2.61 

0.14 

0.08 

69-46 

1.19 

0.09 

1.67 

Under 

4.7 

5.02 

0.97 

0.10 

0.16 





Middle 

6.7 

5.51 

2.37 

0.11 

0.05 

60-33 

1.40 

0.13 

1.27 

Under 

4.2 

5.11 

0.43 

0.05 

0.12 





Middle 

6.6 

5.46 

2.77 

0.17 

0.05 

60-35 

1.42 

0.20 

0.95 

Under 

4.2 

5.63 

0.54 

0.02 

0.15 





Middle 

5.8 

5.53 

2.91 

0.14 

0.05 

60-36 

1.63 

0.19 

1.18 

Under 

4.4 

5.27 

0.40 

0.02 

0.18 





Middle 

5.9 

5.79 

3.37 

0.18 

0.07 

60-38 

1.48 

0.08 

1.44 

Under 

4.6 

5.63 

0.73 

0.06 






Middle 

5.6 

5.67 

2.72 

0.10 

0.07 

60-42 

1.34 

0.17 

1.31 

Under 

4.5 

5.09 

0.79 

0.09 

0.08 





Middle 

5.7 

5.19 

2.55 

0.14 

0.05 

60-46 

1.64 

0.18 

1.18 

Under 

4.4 

5.57 

0.56 

0.05 

0.10 





Middle 

5.6 

5.02 

2.28 

0.13 

0.06 

60-47 

1.28 

0.12 

1.47 

Under 

4.4 

5.72 

0.48 

0.05 

0.19 





Middle 

5.7 

5.44 

2.37 


0.05 

60-61 

1.43 

0.18 

1.09 

Under 

4.1 

5.05 

0.47 

0,08 

0.14 





Middle 

5.7 

5.79 

3.76 

0.37 

0.17 

60-52 

1.61 

0.17 

1.47 

Under 

4.3 

6.41 

0.67 

0.06 

0.22 





Middle 

5.8 

6.27 

4.00 

0.34 

0.06 

61-29 

1.44 

0.17 

1.11 

Under 

4.1 

6.14 

0.80 

0.08 

0.08 





Middle 

5.6 

5.30 

3.84 


0.14 

61-30 

1.60 

0.17 

1.26 

Under 

4.1 

6.51 

0.54 

0.04 

0.13 





Middle 

5.6 

5.23 

:;2.85 

0.14 

0.06 
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TABLE 4r“Contmued 



I.EAF AWAI.YSIS* 1 

SOIL SAMPLED AT M-INCH-DEPTSf 

lOCATION 

Ca 

Mg 


TosiUon 

pH 

Exchange 

Exchangeable cations 



capacity 

Ca 

Mg 

K 

61-34 

cent 

1.23 

per cerpi 

0.1$ 

per cent 

1.31 

Under 

Middle 

4.3 

5.6 

m.e./m 

gm* 

6.65 

5.67 

: m.e./lQO 
"gm, 

0.60 

2.91 

gm, 

0.06 

0.10 

in,e,!100 

gm. 

0.06 

0.08 

61-43 

1.78 

0.20 

0.90 

Under 

Middle 

4.2 

5.6 

5.70 

5.60 

0.54 

2.98 

0.05 

0.13 

0.08 

0.07 

Average leaf 
analysis 

1.43 

0.16 

1.27 







0-8-inch depth 

Average under trees 

4.311 

6.7 

5.68 

0.62 

0.06 

0.15 

Averaffft in row middles 

5.57 

2.97 

0.17 

0.07 






8~16-inch depth 

Average under trees 

4.9 

3.46 

1.46 

0.18 

0.14 

Average in row middles 

5.9 

3.39 

1.69 

0.18 

0.03 







* 50 leaves per tree sampled September 26-27, 1943. Analysis on a dry-weight basis. 

t Composite of six to eight borings. 

t Under the spread of the branches. 

§ The trees are 20 feet apart in rows that are 33 feet apart. The samples in the row 
middles were taken approximately 16 feet east of the experimental trees in the middle of a 
row. 

11 Mean H-ion concentration converted to pH. 

exceptions, exchangeable potassium was greater under the trees than in the row 
middles. The exchange capacity and the exchangeable bases of both surface 
soil and subsurface samples from plot 4 were considerably less than in the com- 
parable samples from plot 2. 

GREENHOUSE STUDIES 

In the spring of 1943, some greenhouse work was done to explore potassium- 
calcium-magnesium interrelationships as they might influence the appearance 
of deficiency symptoms on the McIntosh apple tree. One-year-old Mclntosh- 
on-seedling nursery trees were planted on February 17 in 2-gallon crocks filled 
with washed quartz sand. They were cut back to an inch above the bud, and 
• a single shoot was allowed to develop on each tree. All trees were watered mth 
distilled water until April 5, when 16 groups of 12 trees each w^ere selected so 
that all groups contained approximately the same range of tree size and appear- 
ance. These 15 groups were given different combinations of stock nutrient 
solutions, similar to those used by Hamner, Lyon, and Hamner (9), made up as 
shown in table 5. 
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Each tree was watered with 1 liter of solution once weekly. Once a week 
distilled water containing 0.5 per cent ferric tartrate was flushed through the 
crocks. On May 20, magnesium-deflciency blotch and potassium-deficiency 
scorch were appearing on the basal leaves of some of the trees in certain treat- 
ments. The trees were harvested June 7 to 10. Weight and height records 
were taken and duplicate leaf samples were taken for chemical analysis. The 
leaf analysis data for twelve of the treatments together with observations on 
symptoms are recorded in tables 6, 7, and 8. The experiment was concluded 
before decrease in vegetative growth due to deficency was evident in any trees 
except those from treatments 12 and 15, which were definitely stunted. 

As the proportion of potassium was decreased and that of calcium was in- 
creased with no magnesium added (table 6), leaf potassium decreased, leaf calcium 
increased, and leaf magnesium increased from 0.10 per cent dry weight in treat- 
ment 1 to 0.35 per cent in treatment 12. With one ninth of the nutrient solution 


TABLE 5 

Stock solutions used in the greenhouse study 


STOCK SOLUTION 

SALTS 

IONIC CONCENTRATION 

K 

KNOs 

m.e.fl. 

6.00 


KH 2 PO 4 

2.25 


K 2 SO 4 

4.50 

Ca 

Ca(N03)24 H 2 O 

6.00 


Ca(H2P04)2-H20 

2.25 


CaS04 

4.50 

Mg 

Mg(N 03 ) 2-6 H 2 O 

6.00 


Mg (H2P04)2 

2.25 


MgS04-7 H 2 O 

4.50 


obtained from the magnesium stock solution, low leaf magnesium and the ap- 
pearance of magnesium-deficiency blotch occurred when potassium was high and 
calcium was low, whereas when calcium was high and potassium low with the 
same proportion of magnesium in the nutrient, the leaf magnesium increased by 
75 per cent and there was no blotch. 

As potassium was decreased and magnesium was increased in the nutrient 
solution with no calcium added (table 7), the leaf potassium decreased from 3.0 
per cent of dry weight to 0.6 per cent, leaf magnesium increased from 0.10 per 
cent to 0.72 per cent, and leaf calcium increased from 0.5 per cent to 1.5 per cent. 
With one ninth of the nutrient from the calcium stock solution and with high 
potassium, leaf calcium was 0.7 per cent. With the same amount of calcium 
added and mth low potassium, leaf calcium was 1.1 per cent. 

As calcium was decreased and magnesium was increased in the nutrient solu- 
tion with no potassium added (table 8), the leaf calcium decreased from 2.0 per 
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cent dry weight to 1.5 per cent, leaf magnesium increased from 0.35 per cent 
to 0.72 per cent, but potassium remained relatively stable, decreasing only 0.1 
per cent. 

TABLE 6 


Effects of decreasing potassium and increasing calcium in nutrient on analysis of McIntosh 

apple leaves 


TREATMENT 

PROPORTIONS OP STOCK SOLUTION 
USED IN NUTRIENT SOLUTION-9THS* 

LEAP ANALYSISf 

symptoms! 

Ca 

Mg 

K 

Ca 

Mg 

K 





per cent 

per cent 

per cent 


1 

0 

0 ^ 

9 

0.5 ' 

0.10 

3.0 

“Mg blotch 

3 

3 

0 

6 

0.7 

0.10 

3.0 

“Mg blotch 

6 

6 

0 

3 

1.1 

0.15 

2.2 

“Mg blotch 

12 

9 

0 

0 

2.0 

0.35 

0.7 

~K scorch 

2 

1 

1 

7 

0.7 

0.16 

3.1 

“Mg blotch 

10 

7 

1 

1 

1.5 1 

1 

0.28 

1.5 

None 


Ca stock solution was full nutrient minus Mg and K 
Mg stock solution was full nutrient minus Ca and K 
K stock solution was full nutrient minus Mg and Ca 
For full details of solution composition see table 5. 
t There were 12 trees per treatment. Analysis figures are the averages of analyses of a 
composite sample from trees 1 to 6 and a composite sample from trees 7 to 12. Leaves 
were sampled at the end of the experiment about 12 weeks from the beginning of vegetative 
activity. Analysis on a dry-weight basis. 

X In most cases the leaf symptoms occurred only on basal shoot leaves and appeared only 
after 6 to 8 inches of shoot growth had occurred. 

TABLE 7 


Effects of decreasing potassium and increasing magnesium in nutrient on analysis of McIntosh 

apple leaves 


TREATMENT 

PROPORTIONS OP STOCK SOLUTION 
USED IN NUTRIENT SOLUTION-9XHS* 

LEAP analysis! 

symptoms! 


Ca 

Mg 

K 

Ca 

Mg 

1 ^ 


1 

0 

0 

9 

per cent 

0.5 

per cent 

0.10 

per cent 

3.0 

“Mg blotch 

4 

0 

3 

6 

0.7 

0.22 

2.7 

None 

9 

0 

6 

3 

0.9 

0.53 

1.7 

None 

15 

0 

9 

0 

i.5 

0,72 

0.6 

“K scorch 

2 

1 

1 

7 

0.7 

0.16 i 

3.1 

“Mg blotch 

11 

1 

7 

1 


0.54 

1.3 

None 


* See footnote * table 5. 
t See footnote f table 5. 
t See footnote t table 5. 


These data seem to indicate that the potassium supply in the nutrient medium 
had a very profound effect on magnesium and calcium levels of apple trees and 
on the appearance of magnesium-deficiency blotch, whereas the magnesium 
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supply had only a slight effect on potassium levels of the leaves. The effects of 
potassium supply on magnesium content of leaves shown in table 6 could not 
have been caused by changes in ability of the roots to absorb magnesium, be- 
cause no magnesium was in the nutrient solution, and the effects of potassium 
supply on calcium content of leaves shown in table 7 could not have been caused 
by changes in ability of roots to absorb calcium, because no calcium was in the 
nutrient solution. 


GENERAL DISCUSSION 

There seems to be no doubt that, under the conditions of these field studies, 
visible magnesium-deficiency symptoms were induced on McIntosh apple trees 
as a result of potassium fertilization for 3 or more years. There may be some 
question as to whether this was due to an effect of potassium on the soil, on the 
trees, or on both the soil and the trees. 


TABLE 8 

Effects of increasing magnesium and decreasing calcium in nutrient on analysis of McIntosh 

apple leaves 


TREATMENT 

PROPOETIONS OF STOCK SOLUTION 
USED IN NUTRIENT SOLUTION-9THS* 

LEAF ANALYSlSf 

SYMPTOMSt 


Ca 

Mg 

K 

Ca 

Mg 

K 


12 

9 

0 

0 

per cent 

2.0 

per cent 

0.35 

per cent 

0.7 

— K scorch 

13 

6 

3 

0 

1.6 

0.54 

0.7 

— K scorch 

14 

3 

6 

0 

1.5 

0.72 

0.7 

— K scorch 

15 

0 

9 

0 

1.5 

0.72 

0.6 

— K scorch 

10 

7 

1 

1 

1.5 

0.28 

1.5 

None 

11 

1 

7 

1 

1.1 

0.54 

1.3 

None 


* See footnote * table 5. 
t See footnote t table 5, 
t See footnote t table 5. 


Table 2 presents some data showing changes in soil exchangeable cations that 
followed several years of potassium fertilization. In both the surface soil and 
subsurface soil samples, the increase in exchangeable potassium due to fertiliza- 
tion was accompanied by almost proportional decrease in exchangeable magne- 
sium. But there was much more exchangeable magnesium in the subsurface 
than in the surface soil, and almost twice as much in the subsurface soil under 
the K-fertilized trees as in the surface soil under the check trees. Previous stud- 
ies (15) indicated a very satisfactory root penetration at the depth of the sub- 
surface soil samples. Table 4 presents some data on the differences of exchange- 
able cations in soil samples taken under trees fertilized with KCl for 3 years and 
in samples taken outside the area so fertilized. Replaceable potassium was 
materially higher in the fertilized zone under the trees in most cases. Replace- 
able magnesium of the surface samples was higher in the unfertilized row middles, 
but there was no difference in the subsurface samples. There was a great deal 
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more replaceable calcium in the surface soil from the unfertilized area than under 
the trees. It seems likely that much of the loss of calcium and magnesium under 
the trees was due to the wettable sulfur spray program and to the annual use of 
ammonium sulfate. Volk and Peech (19) have reported acidification of Florida 
citrus soils as a result of sulfur sprays. Batjer and Sudds (1) have reported 
acidification of the soil under apple trees in West Virginia due to the use of 
ammonium sulfate. Be that as it may, there was more available magnesium 
outside the perimeters of the tree tops, and apple tree roots are known to ramify 
extensively far beyond the spread of the branches. Thus, the effects of potash 
fertilization on soil exchangeable cations, though significant, involved only a 
small fraction of the soil mass permeated by the apple tree roots, and it is diffi- 
cult to attribute the appearance of magnesium-deficiency blotch in these plots 
to the changes in the soil by themselves. 

On the other hand, the greenhouse study (tables 6, 7, 8) together with the data 
of other workers points convincingly to the conclusion that magnesium deficiency 
was induced in these plots by the action of potassium in mutual ion replacement 
or ion competition, effects on the absorption mechanism of the roots or within 
the trees rather than on the soil. To cite a few instances of supporting literature, 
Collander (7) studying ion competition in a large number of different plants found 
that potassium was absorbed more rapidly and in greater quantity than calcium 
and magnesium. Van Italic (18) in studying the effects of different combina- 
tions of cations in the exchange complex of an initially acid soil, on the mineral 
content of Italian rye grass, found that increasing the replaceable potassium 
decreased the absorption of magnesium. Loehving (14) found that addition 
of KCl to a muck soil growing grain crops caused reduction of the calcium and 
magnesium contents of the plants. Carolus (5), working with beans in pot cul- 
ture, found that potassium additions to the nutrient medium markedly decreased 
magnesium absorption. Thomas and Mack (17) found that potassium fertiliza- 
tion decreased the calcium and magnesium content of corn foliage very markedly. 
Davidson and Blake (8) found that, with peach trees growing in sand culture, 
increasing potassium in the nutrient solution while holding calcium constant at 
either low or moderate levels decreased the amounts of calcium and magnesium 
in the new shoot growth. Chapman and Brown (6) found that citrus trees 
receiving 350 to 400 p.p.m. potassium had very high potassium content of leaves 
and very low calcium content. Hoagland and Chandler (11) and Lilleland and 
Brown (13) found that, in prune trees, increased absorption of potassium after 
fertilization of the soil with this element was accompanied by decreased absorp- 
tion of calcium or magnesium or both. 

The general significance under orchard conditions of this effect of potash fer- 
tilization in bringing about magnesium deficiency of fruit trees has yet to be de- 
teimined. Certainly magnesium deficiency is a problem in some orchards that 
have not been fertilized with potash (2), and there may be enough exchangeable 
calcium and magnesium in many orchard soils so that magnesium deficiency 
might not be induced by heavy annual potash fertilization. But it is interesting 
that the published experimental work on magnesium deficiency and its control 
in apple orchards of England, New Zealand, Canada, and Massachusetts has 
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followed a period of 3 or more years during which potassium fertilization has 
become a rather common practice in those areas. It seems possible, at least, 
that the problem of magnesium deficiency has been brought about partly as a 
result of continued potassium fertilization of orchards on soils mth low exchange 
capacities and low exchangeable calcium and magnesium. 

Mature apple trees situated on acid soils low in exchange capacity seem to be 
very slow to recover from magnesium deficiency when soil applications of magne- 
sium salts are made (2, 16). This may be due in part to the fact that exchange- 
able potassium, though perhaps low in absolute quantity, is likely to be high 
enough in these magnesium-deficient soils to produce an unfavorable magnesium- 
potassium relationship at the absorbing surfaces of the roots or within the tree. 

Acidification of the soil under apple trees as a result of spraying with wettable 
sulfurs and the use of ammonium sulfate may also contribute to the appearance 
of magnesium deficiency under some conditions. Certainly any combination 
of practices that can cause in a 12 year period a drop in pH of surface soil from 
5.7 to 4.3, a decrease of exchangeable calcium from 3.0 to 0.6 m.e./lOO gm.,and 
a decrease of exchangeable magnesium from 0.17 to 0.06 m.e./lOO gm. surface 
soil (table 4) could ultimately produce both calcium and magnesium deficiencies 
of trees with their root systems mostly confined to that soil. The trees in the 
plots of these experiments wure small enough so that there was a strip of 10 to 16 
feet between the tips of the branches in the row middles. In most orchards 25 
or more years old, however, the tree canopies cover a much larger proportion of 
the orchard floor, and the spray and fertilizer treatments would affect more soil. 

SUMMARY 

Magnesium-deficiency leaf blotch was induced in McIntosh apple trees on 
acid soil low in exchangeable bases as a result of fertilization for 3 or more years 
with muriate or sulfate of potash. Decrease in leaf magnesium and increase 
in leaf potassium accompanied the appearance of the symptoms. The orchard 
studies and accompanying greenhouse studies seemed to indicate that the ap- 
pearance of magnesium-deficiency leaf blotch resulted primarily from the com- 
petitive effect of potassium at the root surface or vnthin the tree. The potash 
fertilization also caused increased exchangeable potassium and decreased ex- 
changeable magnesium in surface soil under the trees. Twelve years of spraying 
chiefly with wettable sulfurs, accompanied by annual applications of ammonium 
sulfate, caused marked acidification of the soil under some trees affected by mag- 
nesium-deficiency leaf blotch. 
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The pH of a nutrient medium may exert an effect upon plant growth in two 
general ways: direct and indirect. The direct mechanism is considered as in- 
volving some specific action of hydrogen or hydroxyl ions on the physiological 
activities of the plant, such as, for example, absorption, respiration, or activity 
of enz 3 unes. Among the indirect effects of pH are those resulting from its in- 
fluence on the solubility of mineral constituents in the nutrient medium, bio- 
logical activity, and the physical conditions of the soil. 

An enormous amount of work has been reported relative to the effects of pH 
on plant growth, but little has been done toward separating the direct from the 
indirect effects. The most recent work along this line is that by Arnon et aL 
(1, 2). These workers grew lettuce, tomatoes, and Bermuda grass in nutrient 
solutions which ranged from pH 3.0 to 9.0. There was little evidence of any 
direct effect of either hydrogen or hydroxyl ions upon the plants at pH values 
between pH 4.0 and 8.0. Plant growth failed completely, however, at pH 3.0, 
and growth was poor at pH 9.0. 

Three experiments covering a range from pH 2.0 to 11.0, carried out to study 
the effects of pH on the growth of citrus, are reported in the present paper. 
Various complications entered into each of these experiments, but it has been 
possible to draw a number of conclusions regarding the direct effects of hydrogen 
and hydroxyl ions on the growth of citrus. The nature of the complications 
which arose is also of interest and serves to emphasize some of the complexities 
involved in this type of study. 


EXPERIMENTAL 

In undertaking this investigation, it was postulated that if citrus made abun- 
dant, healthy growth over a wide range in pH, it would indicate that hydrogen 
and hydroxyl ions have little direct deleterious effect upon the growth of citrus 
within the limits of that range. The prime objective throughout was, therefore, 
to establish, the pH limits within which healthy growth could be obtained. 

Experiment I 

Procedure, This experiment was carried out to study the effect of pH on 
sweet-orange seedlings in sand cultures under acid conditions. A number of 

^ Paper No. 516, University of California Citrus Experiment Station, Riverside, Cali- 
fornia. Based on a thesis submitted by the senior author to the University of California at 
Los Angeles in partial fulfillment of the requirements for the degree of doctor of philosophy. 
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D. C.; the junior author, professor of agricultural chemistry and chemist in the University 
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3 “gallon pots were filled with quartz sand in which finely ground magnetite had 
been incorporated at the rate of 0.5 per cent, as a source of iron. Thiue sweet- 
orange seedlings approximately 2 inches in height were planted in each pot, 
each unit of three pots being served by a single 135-liter vitrified tile reservoir 
containing a nutrient solution. The composition of this solution, expressed in 
millieqiiivalents per liter, ^vas as follows: Ca, 8.33; Mg, 5.00; K, 1.30; Na, 0.28; 
NO 3 , 8 . 33 ; SO4, 6 . 00 ; PO4, 1 . 00 ; Cl, 0.28. Mn and Zn were added at the rate of 
0.50 p.p.m. each, and B was added at the rate of 0.25 p.p.m. This solution was 
circulated periodically through the sand cultures by means of a clock-controlled, 
compressed-air system, as described by Chapman and Liebig (3, 6). Seven such 
units were set up, except that magnetite was omitted from the sand of two units, 
and, instead, 0.5 p.p.m. of Fe, from FeS 04 , was supplied in the nutrient solution. 

The seedlings were planted April 1, 1941, and the nutrient solution was circu- 
lated through the pots at approximately 10-day intervals until May 16, 1941. 
The plants had become established and were growing well by that time; hence 
differential pH treatments were initiated. The pH of the solution in the seven 
units was adjusted to the following values with NaOH or H2SO4: No. 26, pH 
7,0; No. 27, pH 6.0; No. 28, pH 5.0; No. 29, pH 4.0; Nos. 30 and 31, pH 3.0; 
and No. 32, pH 2.0. All pH determinations in this and in the subsequent ex- 
periments were made on samples of the nutrient solution with Sb Beckman pH 
meter. The pH of the solution in each tile was adjusted daily, with occasional 
exceptions, for 66 days. The solutions w^ere circulated through the pots once 
daily for 20 days subsequent to May 16, and then for 12 minutes out of every 
60 minutes for the remaining 46 days. Circulation of the solution through the 
sand cultures for a period of 10 to 12 minutes is sufficient to equalize the composi- 
tion of the nutrient solution throughout the system. Thus any changes in the 
solution in the sand cultures resulting from such factors as plant growth and 
respiration are largely obliterated by displacement and admixture with the large 
volume of solution in the tile reservoir. The three sand cultures of each unit 
retain about 4.5 liters of nutrient solution, whereas the entire volume involved 
amounts to about 140 liters. 

Results, The plants supplied by tile 32 wilted within 4 hours after the solution 
was adjusted to pH 2.0, and several days later it was clearly evident that they 
were dying. The leaves and stems were completely dead wdthin a few weeks, and 
when the plants were removed it w^as observed that all the fine roots and a portion 
of the taproot had rotted. In a side experiment, sw^eet-orange seedlings were 
planted in sand cultures and maintained under similar conditions at pH 2.5 for 
over 5 months. They grew- very little and the roots gradually rotted, but it is 
significant that life persisted, in contrast to the rapid death of plants at pH 2.0. 

An unexpected condition developed in the cultures maintained at pH values 
ranging from pH 3.0 to 6.0. Eleven days after the initiation of the frequent 
circulation period (12 minutes out of every 60), the new growth on the plants at 
pH 3.0 and 4.0 became slightly iron-chlorotic, and a few days later some of the 
new growth in the cultures at pH 5.0 and 6.0 also became chlorotic. Differences 
in growth gradually became more marked, and 66 days after the differential pH 
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treatments were started, the size or appearance of the seedlings varied decidedly 
from one pH value to another (fig. 1). The plants at pH 7.0 and 6.0 were ap- 
proximately 18 inches high; those at pH 5.0, about 11 inches; and those at pH 

4.0 and 3.0, approximately 7 inches. The leaves were normal in size at both pH 

7.0 and 6.0, but at pH 7.0 they were dark green, whereas at pH 6.0 they were 
slightly iron-chlorotic. The plants were very chlorotic at pH 5.0 and 4.0, and 
also at pH 3.0 in the pots that contained magnetite. Those growing in sand 
without magnetite at pH 3.0, however, were only slightly chlorotic. 

In order to confirm the indications that the chlorosis at pH 3.0, 4.0, 5.0, and 

6.0 was related directly to some type of iron deficiency in the leaves, a solution of 
0.025 per cent FeS 04 was injected into several chlorotic leaves by means of Roach 
wicks, and in 8 to 10 days a portion of each leaf became green. Chlorotic leaves 



Fig. 1. Relative Growth of Sweet-Orange Seedlings in Sand Cultures Maintained 
AT pH 7.0, 5.0, and 3.0, Respectively (Experiment 1) 

At pH 7.0, plants were green and healthy; at pH 5.0 and 3.0, iron chlorosis developed. 
Differential pFI treatments were started May 16, 1941; plants were photographed July 21, 
1941. 

also turned green when the FeS 04 solution was placed directly upon the upper 
surface of the blade. It seems certain from these tests that the leaves in all the 
cultures more acid than pH 7.0 had become deficient in assimilable iron. On 
the postulate that some heavy-metal impurity in the sand or magnetite, made 
soluble by the increasing pH, might have been the cause of the disorder noted, 
spectrographic anal 3 ^ses were made of the solutions from the cultures maintained 
at pH 7.0, 5.0, and 3.0, with magnetite, and at pH 3.0 without magnetite. The 
results of these analyses are shown in table 1. 

Of the various metals reported, copper and zinc were present in the solutions 
at pH 5.0 and 3.0 at concentrations which would interfere with good growth of 
sweet-orange seedlings. It is evident that a portion of both of these impurities 
came from the magnetite, and it seems certain that iron chlorosis developed 
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with increasing acidity because of the presence of toxic concentrations of zinc 
and copper in the nutrient solutions. Chapman, Liebig, and Vanselow (5) 
showed conclusively in earlier work that slight excesses of zinc, even in the 
presence of ample soluble iron, would induce iron chlorosis in citrus plants. This 
effect apparently is associated mth an impairment of root activities in which the 
movement of iron from the roots to the leaves is inhibited. 

Because of this unexpected complication, it was recognized that little more 
could be learned from the experiment concerning the direct effects of pH on plant 
growth; hence the experiment was discontinued. 

TABLE 1 


Spectrographic analysis of culture solutions in experiment /* 



TILE 26 

TILE 28 

TILE 30 

TILE 31 

ELEMENT 

Sand plus 
magnetite at 
pH 7.0 

Sand plus 
magnetite at 
pH 5.0 

Sand plus 
magnetite at 
pH 3.0 

Sand only 
at pH 3.0 

Aluminum 

p.p.m. 

0.5 ^ 

p.p.m. 

0.1 

p.p.m. 

0.2 

p.p.7n. 

0.3 

Barium 

0.2 

0.2 

0.07 

0.06 

Boron 

0.3 1 

0.2 

0.3 

0.3 

Chromium 

A 

o 

-1- 

<0.004 

0.02 

<0.004 

Cobalt 

<0.01 

<0.01 

0.03 

<0.01 

Copper 

0.1 

0.4 

0.6 

0.3 

Iron 

0.06 

0.14 

0.15 

0.18 

Lead 

0.015 

0.02 

0.2 

0.25 

Manganese i 

0.01 

0.7 

0.7 

0.9 

Molybdenum 

0.01 

<0.01 

<0.01 

<0.01 

Nickel 

<0.01 

0.1 

0.08 

<0.01 

Silver 

0.001 

0.001 

<0.001 

0.001 

Strontium 

0.10 

0.18 

0.12 

0.13 

Vanadium 

<0.1 

<0.1 

<0.1 

0.3 

Zinc 

<0.20 

3.0 

4.0 

2.0 



* The writers are indebted to A. P. Vanselow, University of California Citrus Experi- 
ment Station, Riverside, California, for this analysis. 

t The prefix symbol < means that the element was not detected and hence if present is 
in an amount smaller than the value given. 

Experiment II 

In an attempt to avoid the complications that arose in experiment I, a second 
experiment Avas set up in solution cultures. In this experiment sweet-orange 
seedlings Avere grown in solutions of nearly uniform composition, at reactions 
Avhich varied from pH 3.0 to 9.0. Despite all efforts to circumvent complications 
and indirect effects, various difficulties AA^ere encountered, and the experiment 
had to be discontinued before entirely satisfactory conclusions could be reached. 
The results obtained are of value, hoAvever, and in conjunction with experiments 
I and III contribute certain essential information Avith regard to direct pH effects. 

Procedure. Tiles of lOO-liter capacity adapted to solution-culture studies 
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were used in this experiment. In order to provide a iiniforin concentration of the 
various elements at each pH value, the nutrient solution (ininus the Fe, Mii, 
Zn, and B) was first brought to approximately pH 9.3; this caused a portion of 
certain salts to precipitate. After the precipitate had settled, the supernataiit 
liquid was siphoned oft and placed in a series of seven pairs of tiles. The pH 
of one pair was adjusted to 3.0, that of another to 4.0, and so on at intervals of 
1.0 pH unit up to and including pH 9.0. Inorganic iron, manganese, and zinc 
were added to the solution at pH 3.0, 4.0, 5.0, and 6.0, and humate iron, manganese, 
and zinc wnre added at pH 7.0, 8.0, and 9.0. Boron at the rate of 0.5 p.p.m. was 
added to all the tiles. The pH adjustments were made with NaOH and HNOg 
at frequent enough intervals (daily most of the time) to maintain the variations 
within the limits of dz 0.2 pH. In order to maintain a uniform sodium concentra- 
tion in all cultures, whenever NaOH was used to adjust the pH, Na 2 S 04 was 
added to certain tiles to compensate for the decreased addition of NaOH in the 
less alkaline cultures. In the acid cultures, where no NaOH was added, all the 
sodium additions w^ere in the form of NaoSO-j. The solutions were changed when- 
QYex the concentration reached 10 m.e. sodium per liter. Six sweet-orange 
seedlings several inches high were set out in each tile on August 15, 1941 . 

Results. Differences in growth of plants in the various cultures became notice- 
aide within 2 months, and the roots of all the seedlings were someAvhat stubby 
and slightly brown. A few plants were iron-chlorotic even in the acid cultures. 
Analysis showed that the distilled Avater used in preparing the solutions con- 
tained 0.11 p.p.m. copper, which is sufficient, under certain conditions, to cause 
root injury to sweet-orange seedlings in solution cultures. In an effort to over- 
come this possible copper toxicity and get more normal grow th, a double-precipi- 
tation technique w’as used from this time on in the preparation of new' solutions. 

The roots did not show much improvement even after 1 month in these new' 
solutions. The plants at pH 6.0 and 7.0 became severely iron-chlorotic and those 
at pH 8.0 and 9.0 slightly ii*on-chlorotic. Iron sulfate or humate iron at the rate 
iof 0.1 p.p^.m. Fe w'as added to each tile three times W'cekly instead of once a w'eek, 
but the plants did not respond. Finally, daily additions wTAre made, and within 
a few" wueks some of the chlorotic leaves began to turn green. Subsequently, all 
the chlorotic leaves on the plants at pFI 6.0, and a few" at pH 7.0, became green, 
and new' growffh at both values w'as green. Despite the daily additions of humate 
iron, the plants in the cultures at pH 8.0 and 9.0 remained part iron-chlorotic. 
Additional efforts w'ere made to find the cause of the stubby root growth in all 
the cultures, and various changes in technique w"ere tried for a period of almost a 
year, but without success. It w'as finally decided that perhaps the purification 
technique employed had removed some element as yet not proved to be essential, 
and that it w-ould be useless to continue the pFI study under acid solution-culture 
conditions until the cause of the difficulty could be ascertained. The relative 
top growth made by the plants in the solutions maintained at values ranging from 
pH 3.0 to 7.0 from August 15, 1941, to April 23, 1942, is shown in figure 2. 

Despite the complications encountered in this experiment, certain inferences 
can be drawn regarding the effects of hydrogen-ion concentration on the growth 
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of citrus. The seedlings at pH 3,0 failed to make any observable growth. Their 
roots gradually rotted, and the leaves turned a bronze color. It would appear 
from this that the hydrogen ions probably were exerting some direct toxic effect 
upon the plants. This result agrees with those of Arnon and Johnson (2), who 
found that lettuce, tomatoes, and Bermuda grass not only failed to grow at pH 
3.0, but showed root injury in less than an hour after the plants were transferred 
to solutions at pH 3.0. 

In the present experiment with citrus, excellent green healthy growth of tops 
took place at pH 4.0 and 5.0, despite the fact that many of the roots were swollen 
and somewhat brown. It seems certain from these and many subsequent ob- 
servations that the H ion has little, if any, direct deleterious effect on the growth 
of sweet-orange plants at pH 4.0. In outdoor solution cultures with bearing 



Fig. 2. Relative Giiowth of Sweet-Orange Seedlings in Solution Cultures 
Maintained at pH Values Ranging from 3.0 to 7.0 (Experiment II) 

The plants shown in tht^ culture maintained at pFI 3.0 represent the size of the plants at 
the time differential pH treatments were started (August 15,. 1941) ; tlies eplaiits, which were 
entirely healthy and in a growing condition at the time, made no further growth, thougli 
they continued to live for many months. Poorer growth at pH 6.0 and 7.0 than at pH 4.0 
and 5.0 was associated with iron chlorosis. The top growth at pH 4.0 and 5.0 was healthy, 
green, and vigorous. Plants were pliotographed April 23, 1942. 

citrus trees, good growth has been obtained consistently at pPI values that vary 
between pH 3.6 and 4.2. There is no indication of root injury in these outdoor 
trees; in fact, both the roots and the tops are healthy and ^ugorous. It seems 
safe to conclude, therefore, that other external conditions being favorable, a 
hydrogen-ion concentration of pH 4.0 is not noticeably deleterious to the growth 
of orange trees. 


Experiment III 

Because of the difficulties encountered in both sand and solution cultures in 
studying pH effects on the acid side of neutrality, and the need for additional 
exploratory work before further pH studies were attempted in that range, it was 
decided to set up experiments to determine, if possible, the maximum alkalinity 
citrus plants would tolerate. Considerable exploratory work was carried on 
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before a promising technique was developed. Only the results of the final experi- 
ment in this series of tests are given here. 

Procedure. This experiment was carried out in sand cultures as in experiment 

l. Each unit consisted ol two 3-gallon pots served by nutrient solution from a 
single 135-liter tile reservoir. There were five such units. In order to overcome 
the difficulty brought about by the low solubility of cei’tain essential nutrients 
at high pH, various nutrient constituents were incorporated into the sand in 
solid-phase form on the supposition that the plant might obtain ample nutrients 
by contact exchange or by local root-solid particle solubility independent of the 
pH ol the free solution phase of the system. It had been found earlier by Chap- 
man (4) that the incorporation of sufficient finely ground magnetite in the sand 
met the iron needs of citrus plants growing in mildly alkaline sand cultures. In 
the present 'experiment, finely ground magnetite and bentonite at the rate of 1 
per cent each were mixed with quartz sand in the 3-gallon pots. Except for the 
orii'ission of Na and Cl, the nutrient solution w^as of the same composition as the 
solution used in experiment L Upon repeated circulation through the sand 
mixture, the solution Avould gradually come to equilibrium Avith bases held in 
exchangeable form in the bentonite, and although it Avas recognized that the 
actual amounts of calcium, magnesium, sodium, and potassium in solution and in 
the solid phase avouIcI A'ary someAvhat at different pH values, it was estimated 
that ample amounts of these elements for groAvth might be obtained by contact 
exchange or local root solubility effects. 

-Three SAveet-orange seedlings seA'eral inches high Avere transplanted to each pot 
on July 22, 1941, and in order to get them Avell established, they Avere all grown 
at a faAmrable, uniform pH for the first 4 weeks. The pH of the solutions in the 
five tiles Avas then changed gradually over a period of another month until it 
ranged from pH 7.0 to 11.0, at intervals of 1 pH. From September 22, 1941, 
by Avhich time these differential A^alues had been reached, until the plants \A'ere 
harvested, on February 26, 1942, the solutions were maintained at a daily average 
pFI of 7.0, 8.0, 8.8, and 9.7 in units 9, 10, 11, and 12, respectively. Unit 13 
Avas maintained at pH 11.0 for 8 days. In none of the cultures did the pH vary 
from these values by more than ± 0.2 pFI except at very infreciuent intervals. 
The pH was adjusted Avith NaOH or H2SO4 as required, and the solution was 
replaced in any unit Avhen the sodium concentration reached approximately 10 

m. e. per liter. The nutrient solution Avas circulated through the pots for 12 
minutes during cA' ery 60 minutes by means of the control SAAstem explained under 
experiment I (3, 6). In the more alkaline cultures, as might be expected, there 
Avas some precipitation of CaCOs during the course of the experiment, and the 
sand gradually became impregnated Avith solid-phase calcium carbonate. 

Results. The leaves of the plants in the culture at pH 11.0 AAdlted within 24 
hours after the alkalinity Avas raised to this point, and all the plants were dead 
after being maintained for 1 week at this A^alue. The seedlings grew' rapidly at 
pH 7.0, 8.0, and 8.8, and no particular grow'th differences were apparent for about 
3 months. The plants at pH 9,7 also made considerable grow'th and w'ere green 
and healthy, but total top growTh Avas not quite so extensive as at the other pH 
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values (fig. 3). During this 3-month period, substantial growth occurred in all 
the cultures. The fact that growth was just as good at pH 8.8 as at pH 7.0, and 
only slightly less at pH 9.7, is regarded as veiy significant. 

During the succeeding 2 months, differences between the plants at pH 7.0, 
8.0, and 8.8 began to appear. When the plants were harvested on February 26, 
1942, those at pH 7.0 were larger and those at pH 9.8 were smaller than those at 
pH 8.0 and 8.8, the plants at the last two values being about the same size. 
Those at pH 9.7 were somewhat bushy, as a result of a branched type of grovdh 


instead of the elongation of a single stem as at the other pH values. The average 
dry weight per plant (leaves, stems, and roots) was 68.5 gm. at pH 7.0, 47.0 
gm. at pH 8.0, 53.8 gm. at pH 8.8, and 17.2 gm. at pH 9.7. 

There was a distinct difference in the color and condition of the leaves in the 
various cultures, also. At pH 7.0, the leaves were a healthy green color; at pH 
8.0 and 8.8 the size was normal but many leaves showed a distinct manganese- 
deficiency pattern; at pH 9.7 the leaves were small to medium and light green 
to yellow, with necrosis very abundant and typical of injury due to excess sodium. 
A manganese-deficiency pattern also was pronounced in some leaves at pH 9.7. 


Fig. 3. Relative Growth of Sweet-Orange Seedlings in Sand Cultures Maintained 
AT Various pH Values (Experiment III) 

Differential treatments were started September 22, 1941; plants were photographed 
December 11, 1941. At pH 11.0, the plants died within a few days. 
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At the time of harvest, leaves from plants of all the cultures were analyzed for 
Ca, Mg, K, Na, N, and P. The resulting data are shown in table 2. The per- 
centage of calcium in the leaves was slightly less at pH 8.8, and decidedly less at 
pH 9.7, than at pH 8.0 or 7.0. There were no consistent differences in either 
magnesium or potassium, but sodium increased with each increase in pH, and 
excess sodium unquestionably was the cause of the leaf necrosis noted in the 
culture at pH 9.7. The normal sodium content of healthy citrus leaves is less 
than 0.10 per cent, and it is thought that excess sodium absorption was one of the 
major factors contributing to the depressed growth at the higher pH values. It 
will be recalled that during the early months of the experiment, growth was 
practically identical in the cultures at pH 7.0, 8.0, and 8.8, and only slightly 
depressed at pH 9.7. It is unfortunate that analyses for sodium were not made at 
that time. It is believed, however, that sodium gradually accumulated in the 
plants and thus caused poorer growth in the more alkaline cultures. The 
nitrogen content of the leaves was not affected significantly by differences in the 
pH of the solutions, but the percentage of phosphorus was somewhat less at pH 

TABLE 2 


Certain components of sweet-orange leaves from plants grown in sand cultures at different 

pH values 


culture 

pH 

CONDITION OF LEAVES 

LEAF SAMPLE 

PERCENTAGE OF DRY MATTER 

Ash 

Ca 

Mg 

K 

Na 

N 

P 

7.0 

No necrosis 

All leaves 

,10.64 

3.58 

0.31 

3.11 

0.35 

3.44 

0.14 

8.0 

No necrosis 

All leaves 

11.88 

3.73 

0.34 

3.53 

0.45 

3.60 

0.14 

8.8 

No necrosis 

All leaves 

10.59 

3.16 

0.39 

3.70 

0.53 

3.41 

0.094 

9.7 

Many leaves 

Nonnecrotic 

9.59 

2.13 

■ 0.29 

3.35 

0.87 

3.17 

0.073 


necrotic 

Necrotic 

13.22 

3.06 

i 0.23 

3.48 

1.63 




8.8 than at pH 7.0 or 8.0, and at pH 9.7 the value of 0.073 per cent total phos- 
phorus is in the deficiency range for citrus. 

The fact that growth was almost identical in the cultures at pH 7.0, 8.0, and 
8.8 during the first 3 months strongly indicates that the subsequent poorer growth 
at pH 8.0 and 8.8 was due, not to any direct toxic effect of hydroxyl ions, but 
rather to increased sodium accumulation, manganese deficiency, and perhaps 
incipient phosphorus deficiency. The early green healthy growth at pH 9.7 
also suggests that hydroxyl ions at this concentration are not toxic to citrus. At 
pH 11.0, however, almost immediate wilting and rapid death occurred, which 
indicates that this concentration of OH ions exerts a direct, toxic effect upon 
sweet-orange seedlings. 

DISCUSSION 

The results of the three experiments reported emphasize the importance of the 
indirect effects of pH on plant growth and the difficulty of overcoming these so 
that direct effects may be shown clearly. The indirect effects manifested them- 
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selves in various Avays in these experiments, depending upon the experimental 
setup. In the first experiment, poor growth of citrus under acid conditions re- 
sulted from excessi\^e solubility of zinc and copper brought into solution from 
impurities in the sand and magnetite. In the second experiment, good growth 
was obtained at pH 4.0 and 5.0, but groAvth Avas progressiA-ely poorer at pH 7.0 
and beyond, probably because of iron unavailability. In the third experiment, 
poor groAvth under alkaline conditions resulted in part from increased sodium 
absorption and from manganese and phosphorus deficiency. At pH 2.0 and 11.0, 
the plants Avere affected almost at once and AA^ere killed in a feAv days. At pH 
2.5 and 3.0, they Avere able to live but made little or no groAvth. Good groAAffh 
Avas obtained at pH 4.0, and in subsequent Avork sweet-orange trees growing for 
long periods in solution cultures out of doors made excellent root and top groAvth 
Avhen the acidity of the solution Avas maintained at values w^hich ranged from 
pH 3.6 to 4.2. Under alkaline conditions, citrus seedlings made healthy, rapid 
growth for 3 months at pH Amines from 8.6 to 9.0, and the plants AA^ere green and 
healthy cAmn at pH 9.7 to 10.2. The rate of groAvth Avas less at the latter Amlues. 

The combined results of the experiments Avarrant certain general conclusions 
regarding the direct effects of hydrogen and hydroxyl ions upon the groAvth of 
citrus. It seems safe to assert that if nutrient and other enAironmental condi- 
tions are favorable, a concentration of h^xlrogen and hydroxyl ions corresponding 
to values extending from someAvhat beloAV pH 4.0 to someAvhat above pH 9.0 
exert no appreciable direct ill effect on the groAvth of sweet-orange seedlings. On 
the other hand, rapid death occurs at pH 2.0 and 1 1 .0, and it seems certain that at 
these concentrations hydrogen and hydroxyl ions exert a direct lethal eff‘ect. 

SUMMARY 

An investigation was undertaken to study the effects of pH on the growth of 
citrus, with special reference to the direct effects as contrasted Avith the Avell- 
recognized indirect effects. 

Three separate culture experiments are reported : twu in sand and one in solu- 
tion, under conditions which ranged from pH 2.0 to 11,0. At these extremes, 
citrus plants Avere killed in a feAV daj^s. At pH 2.5 and 3.0, plant life persisted for 
months, but little or no groAvth occurred. Good groAvth Avas obtained between 
pH 4.0 and pH 9.7, though difficulties due to indirect effects Avere encountered 
and the actual limits at Avhich hydrogen and h^ulroxyl ions begin to exert direct 
deleterious effects Avere consequently not established. Despite these complica- 
tions, the results Avarrant the conclusion that hydrogen and hydroxyl-ion con- 
centrations corresponding to pH Amines ranging from slightly beloAv pH 4.0 to 
someAvhat above pH 9.0 exert no appreciable direct ill effect on the groAvth of 
SAveet-orange plants. 
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The enumeration of fungi in the soil by means of plate counts has never been 
a very satisfactory determination. The fungi, occurring in much smaller num- 
bers than the bacteria and actinomyces, would be crowded on the plates and an 
accurate counting of their colonies would be impossible unless some means were 
used to hold down the development of the colonies of the more numerous or- 
ganisms. The usual method of doing this is by acidification of the plating 
medium (1, 4, 5, 8). This has served well to eliminate most of the actinomyces 
and bacteria on the plates, but it did not prevent the spreading of certain fungi. 
Sometimes when the spreading types were especially abundant, it was impossible 
to make anything like an accurate count. Ludwig and Henry (4, p. 349) note, 
“Once this fungus [Trichodermal appeared it became difficult to study other 
genera, since the plates were rapidly overgrown by it.^’ Other investigators 
have had similar experiences. Usually, with untreated soil, only once in a w^hile 
^vill a plate be so overrun by fungi that it has to be discarded. 

Recently Tyner (7) asserted that boric acid effectively suppressed the growth 
of bacteria and permitted satisfactory counts of fungi in composted soil. He 
maintained that these counts were very much higher than when sulfuric acid 
was used as an inhibiting agent. 

It is the purpose of this paper to show that higher and more uniform counts of 
soil fungi may be obtained by using rose bengal instead of acidifying agents in 
the plating medium and that, in the presence of the dye, spreading of the fungi 
is reduced to a minimum. 

THE INHIBITING ACTION OF ROSE BENGAL 

After the partial sterilization of soil by chloropicrin (6), Trichoderma developed 
so markedly that means were sought of inhibiting its growth on plates made for 
counts of bacteria and actinomyces. Among the materials tested, rose bengal 
seemed to be pronaising.^ At a concentration of 1 part in 15,000 it entirely pre- 
vented the growth of actinomyces and most of the bacteria and kept the Tricho- 
derma and other genera of fungi from spreading. In consequence, the individual 
colonies could be counted. The medium in which the rose bengal was used was 

1 Senior bacteriologist and junior bacteriologist, respectively, Division of Soil and Fer- 
tilizer Investigations, Bureau of Plant Industry, Soils, and Agricultural Engineering, 
Agricultural Research Administration, U. S. Department of Agriculture, Belts ville, 
Maryland. 

2 Acknowledgment is made of the assistance of Horace V. Wester, formerly junior pa- 
thologist in the Division of Soil Microbiology, who made these preliminary tests of rose 
bengal. 
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glucose nitrate soil extract agar (5). A few platings using Waksman^s medium 
(8) with rose bengal instead of acid were made, and these results also were prom- 
ising. Further tests, however, could not be made at that time. 

In plating out soil that had been treated with various materials designed to 
reduce soil-borne diseases, the spreading of Trichoderma on the acidified medium 
interfered with the accurate counts of fungus colonies. Consequently, platings 
were made to see whether rose bengal would give as high counts as the acidified 
medium and whether the conditions of the plates would be improved. The 
results of the counts are given in table 1. In general, rose bengal in a near- 
neutral medium allows more colonies to develop than does the pH of 4.2. In 

TABLE 1 


Comparison of colony counts of fungi obtained with usual acidified media and with near-neutral 
media to which rose bengal had been added 
Fungi in thousands per gram of soil 



COLONY COUNTS OP PUNGT 

son. SAMPLE 

Glucose nitrate soil extract agar* j 

Waksman’s mediumt 








Acid 

Rose bengal j 

Acid 

Rose bengal 


pH 4.2 

1-10,000 

1-15,000 

pH 4,2 

1-10,000 

1-15,000 

D4 

no 


190 

170 


180 

D5 

50 


60 

50 


45 

FC 

60 

150 

175 

105 

110 

165 

FCy 

6 

21 

23 

9 

20 

25 


* Formula: glucose, 10 gm.; NaNOa, 1 gm.; K2HPO4, 1 gm.; agar, 15 gni.; soil extract, 
1000 ml. (the soil extract was prepared by autoclaving 500 gm. of a good field soil in 1,200 
ml. water for 1 hour and filtering through paper; final volume 1 liter). Reaction, pH 6.8 
to 7.0. 

t Formula: glucose, 10 gm.; peptone, 5 gm.; KH 2 PO 4 , 1 gm.; MgS 04 , 0.5 gm.; distilled 
water, 1000 ml.; agar, 25 to 30 gm. Enough normal sulfuric or phosphoric acid is added 
to bring the pH to 3.6 to 3.8; final reaction after sterilization, pH 4.0. In the present work, 
enough of a mixture of sulfuric and hydrochloric acids to bring the reaction to pH 4.2 was 
added to bottles of the melted agar just before the plates were poured. This avoided using 
the higher percentages of agar which its hydrolysis during sterilization would have neces- 
sitated. 

two of the soil samples the difference is not so striking as in the other two. It 
has been realized for some time that not all fungi will grow in a medium as acid 
as that used (1). Waksman (9, p. 18) pointed out that “the majority of fungi 
can stand greater degrees of acidity then the bacteria and actinomyces.” Ap- 
parently a great deal depends upon the nature of the fungus flora and upon the 
buffering capacity of the medium. For instance, Waksman’s medium, which 
contains 0.5 per cent peptone as well as phosphate, gives a higher count at 
pH 4.2 than does the very slightly buffered glucose nitrate soil extract agar. 
But at near neutrality (pH 6.8), with rose bengal at 1 to 15,000, the opposite 
holds true. The differences here, however, are slight and might not hold in a 
larger series. 
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One point not shown in table 1 that aids in the routine of making the counts 
is the virtual absence of bacteria on plates made with glucose nitrate soil extract 
agar. After 4 days’ incubation at 28 C., the colonies of fungi are easily counted, 
usually without recourse to a microscope, whereas with the medium containing 
peptone, a greater number of bacteria grow and the fungal colonies have a 
tendency to spread. If the concentration of the dye is increased, this difficulty 
can be reduced, but, as can be seen in table 1, a corresponding decrease in the 
number of fungi also occurs. 

Additional tests were made to determine whether the amount of the dye in the 
medium could be reduced. At a concentration of 1 to 25,000 in glucose nitrate 
soil extract agar, the average count on six samples was 59,000, whereas with 
the dye at 1 to 15,000 the average was 60,000. In the former case, however, 
the condition of the plates was not so good, i.e., there were more bacteria and 
less inhibition of the spreading fungal colonies. As a counterpart, a medium 
of the same composition but with tap water replacing the soil extract, was also 
used to plate out the six samples. The average counts were 54,000 (dye 1 part 
in 25,000) and 49,000 (dye 1 in 15,000). Soil extract in the medium gives a 
higher count and also reduces the toxicity of the dye for the fungi. This was 
also brought out in another experiment wherein ammonium nitrate was substi- 
tuted for the sodium nitrate in the tap water medium. Using 1 part of the dye 
in 15,000, counts on samples D4 and D5 were 170,000 and 40,000 respectively, 
whereas mth the glucose nitrate soil extract medium they were 190,000 and 
60,000 respectively (table 1). Although these differences are not large, they 
were found to be quite consistent in other miscellaneous trials. 

In addition to these media Czapek’s agar (9, p. 226) was used with three 
modifications: acidified to pH 4.2; ivith rose bengal 1 to 10,000; and with rose 
bengal 1 to 15,000. The counts for soil FC were 70,000, 130,000, and 160,000 
respectively; for soil FCy, 8,000, 16,000, and 17,000 (compare vdth table 1). 
For the most part these figures are somewhat lower than those obtained with 
the other two media. They bring out the fact that acidification of the plating 
medium to pH 4.2 reduces the counts perceptibly (1, p. 65). 

COMPARISON OF ROSE BENGAL WITH BORIC ACID 

As the foregoing tests were being completed, the report by Tyner (7) appeared 
in which it was shown that boric acid ^‘effectively suppressed the growth of bac- 
teria but permitted a satisfactory count of fungi.” A potato-dextrose agar and 
Lipman and Brown’s synthetic agar (3) were used. The latter is similar to 
Waksman’s medium used above except that it contains only 0.05 gm. peptone 
per liter instead of 5 gm. Boric acid, therefore, seemed very promising as a 
competitor of rose bengal. 

The soil samples plated, the media used, and the counts obtained are given 
in table 2. Soils of diverse character were deliberately chosen for plating. 
Number 6A was an unlimed field soil (clay loam) ; lOB was the same as 6A except 
it had been limed; GH47 was a sandy loam to which composted soil had been 
added and the mixture used in a greenhouse bench; W1 was a sandy loam under 
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a hardwood forest; W2 was taken only 50 yards from W1 but under a pine 
forest. Rose bengal was added in both cases to make a concentration of 1 part 
in 15,000, and the pH was adjusted to 6.8. 

The results are very striking. Boric acid greatly reduced the counts in all 
cases, and in the W2 soil rendered the plates virtually sterile. This would seem 
to mean that the flora in the woods soil is different from that in the field soils 
(6A and lOB) . In any case boric acid is not a satisfactory agent from the point 
of view of either the counts or the condition of the plates. Rose bengal added to 
the same base medium (Lipman and Brown’s) gave counts comparable mth those 
obtained on glucose nitrate soil extract agar with the dye, although they were 
somewhat lower in three of the five tests. 

Eastwood (2) reported that anisic acid, benzoic acid, and, to a less extent, 
chrysoidine Y had selective bacteriostatic action. Two of these (benzoic acid 

TABLE 2 

Counts of fungi obtained on glucose nitrate soil extract agar with rose bengal compared with 
those obtained on Lipman and Brownes medium modified with rose bengal and with 
two concentrations of boric acid 
Fungi in thousands per gram of soil 



COXJISFTS OF FUNGI 

Soil Sample 

Glucose nitrate 
soil extract agar 

Lipman and Brown’s Medium 


Rose bengal 1-15,000 

Rose bengal 
1-15,000 

Boric acid 

0.1 per cent 

1 Boric acid 

0.3 per cent 

6A 

265 

310 

160 

90 

lOB 

210 

210 

130 

35 

GH47 

200 

170 

40 

15 

W1 

200 

156 

20 

10 

W2 

225 

195 

0.2 

0.2 


and chrysoidine Y) were added to separate portions of the glucose nitrate soil 
extract agar and to Waksman’s medium at the concentrations recommended, and 
plates were poured from dilutions of the greenhouse soil and the W2 soil. Ben- 
zoic acid and chrysoidine Y proved very unsatisfactory, allowing bacteria to 
develop and the fungi to spread. The condition of the plates containing Waks- 
man’s medium was especially bad in this respect, indicating little toxicity of the 
materials. 

SUMMARY 

Acid media commonly used in making plate counts of soil fungi were com- 
pared with media of the same composition, except that the reaction was near 
neutral and rose bengal was added to make a concentration of 1 part in 15,000. 

Glucose nitrate soil extract agar containing rose bengal was the best medium 
found. It eliminated all the actinomyces and most of the bacteria and reduced 
the spreading of fungal colonies to a minimum. The comparatively few bacteria 


ROSE BENGAL IN PLATING MEDIA FOR FUNGI 


471 


that were tolerant of the dye produced soft, raised, glistening colonies that would 
not be confused with the fungal colonies. 

At pH 4.2 the numbers of fungal colonies were reduced on all media when com- 
pared with the same media at pH 6.8 and containing rose bengal. 

Other inhibiting substances, such as boric acid, benzoic acid, and chrysoidiiie 
Y, were entirely unsatisfactory. Rose bengal, 1 part in 10,000, was too toxic 
and reduced the counts of fungi someivhat. At a concentration of 1 part in 
25,000 more bacteria developed on the plates than when 1 part in 15,000 was 
used, and there was a tendency of the fungi to spread. 

Media containing peptone, such as Waksman’s plating medium for fungi, or 
Lipman and Brown’s synthetic agar, may be used with rose bengal (1 part in 
15,000) for making plate counts of soil fungi. At least twice as many bacteria 
will develop on these media as on the glucose nitrate soil extract agar, but the 
counts of fungi will not be very different, although they are usually higher and 
better differentiated on the latter medium. 
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Recent publications from this laboratory (4, 6) have drawn attention to the 
nutritional requirements of soil bacteria developing on a nonselective medium 
(soil extract agar). On the basis of these studies a classification was proposed 
in which these bacteria were grouped according to their nutritional needs. 
In addition, it was emphasized that the organisms representing these groups 
were in equilibrium with one another, an equilibrium which seasonal change 
and soil treatment might disturb. Some results of studies on the influence 
of these two factors on the incidence of certain bacterial nutritional groups in 
soil are reported herein. 


FIELD PLOT STUDIES 

Soil samples were taken periodically (usually at monthly intervals) at a depth 
of 2 to 6 inches from two plots of different manurial treatment; N — no fertilizer; 
X — ^farmyard manure . The plating medium and analytical procedures employed 
are described elsewhere (3, 5, 6). 

The results obtained over a period of 21 months are presented in figure 1 
and represent the bacterial response to the combined effects of season, crop, 
and soil treatment. Organisms with very simple food requirements (group A, 
those growing well in mineral-glucose medium) were very prominent in the 
fall and winter of 1940, declined in the summer of 1941, and tended to rise again 
(though not to the same heights as in 1940) in the following fall and winter, 
whereas bacteria which require yeast extract (group E) varied more or less 
conversely. Bacteria requiring known amino acids (groups B and C) or growth 
factors (group D) showed some fluctuation but none which could be correlated 
with change of season. On the other hand, organisms growing only in soil 
extract semisolid agar (group F)^ fluctuated fairly regularly with the season, 
being low in the late fall and vdnter and high in the early spring and summer. 

It appears that group F is more sensitive to seasonal changes than the other 
groups but is not appreciably affected by soil treatment or the nature of the 
crop. Groups B, C, and D do not seem to be significantly affected by any of 

1 Contribution No. 193 (Journal Series) from the Division of Bacteriology and Dairy 
Research, Science Service, Department of Agriculture, Ottawa. 

2 The authors wish to express their thanks to A. G. Lochhead, Dominion agricultural 
bacteriologist, for suggesting this problem and for his sustained interest throughout the 
course of this work. 

3 This group of bacteria was originally included in group E by West and Lochhead (6) 
and is roughly comparable to groups YI and VII of Lochhead and Chase (4). 
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the factors involved. The variations of groups A and E, however, point to 
the influence of at least two factors — season and crop. Timothy, grown in 
1940, may have stimulated bacteria of group A or depressed those of group E, 



Fio. 1. Influence of Season on Incidence of Certain Bacterial Nutritional Groups 

IN Soil 

whereas mangels, planted in 1941, may have induced an opposite response, 
resulting in an increase of group E or a decrease of group A. Taylor and Loch- 
head (5), working with the same soils, obtained ''increased counts of Gram- 
positive and Gram-variable short rods and Bacterium gloUforme^’ after mangels 
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as compared with numbers following timothy. Thus it is quite possible that 
the nature of the crop exerts an influence as profound as, if not more profound 
than, the effect of season on specific groups of soil microorganisms. 

Further analysis of figure 1 shows that though soil treatment did not influence 
significantly the seasonal fluctuations of the various groups, it did govern their 
abundance. Soil X ^receiving manure — supported, more or less consistently, 
larger numbers of bacteria requiring specific growth factors or yeast extract 
(groups D and E respectively), and soil N — ^untreated — , larger numbers of 
bacteria with very simple nutritional needs (group A). Lochhead and Chase 



IJUTRITIONAL GROUPS 
SOIL N SOIL X 

Fig. 2. Eelative Incidence of Bactebial Nutritional Groups in Soil 

(4) working with the same plots also noted that soil X was more favorable to 
group E and less favorable to group A than soil N. The results with group D 
are not comparable, as the constituents of the growth-factor medium used were 
not identical in the two experiments. 

Despite the differences noted, the average relative incidence of the nutritional 
groups over the entire sampling period was found to be remarkably similar in 
both soils. As may be seen in figure 2, organisms of group F were the most 
numerous, closely followed by those of group E; groups A and D were next 
in abundance, and B and C last. This suggests that the bacterial equilibrium 
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in these two soils has not been changed appreciably by treatment. Taylor 
and Lochhead (5) also point out that ^^in a soil of a given type the bacterial 
flora may be fairly resistant to change even though the productivity may vary 
as much as ten-fold.’’ 

POT EXPERIMENTS 

According to the work of West and Hildebrand (1, 7), treatment of soil with 
red clover, manure, soybeans, carbohydrates, and acetic acid caused an appre- 
ciable shift in the bacterial equilibrium of the soil as indicated by their measure 
of this equilibrium — the bacterial balance index (6). For example, the addition 
of soybeans, carbohydrates, and acetic acid induced a high bacterial balance 
index, which means that a relative increase of organisms requiring known amino 
acids and growth factors and a decrease of bacteria with very simple nutri- 
tional needs occurred. This shift in equilibrium was found to be associated 
with a decrease in severity of strawberry root rot m their soil. The experiments 
reported below were designed to yield further information concerning the effect 
of different soil amendments on the equilibrium between the bacterial nutri- 
tional groups in the soil, particularly with a view of inducing a high bacterial 
balance index. 

Strawberry root rot soil from St. Catharines, Ontario, received the following 
treatments: 


SERIES 

TREATMENT 

SERIES 

TREATMENT 

Control soil 

None 

E 

1% dextrose 

A 

3% green strawberry plants 

F 

5% dextrose 

B 

5% green soybean plants 

G 

5% soluble starch 

C 

5% green red clover plants 

H 

5% molasses 

D 

6% ground filter paper 

I 

Acetic acid to pH 4.5 


These treatments were applied to the soil at 60 per cent of its moisture-holding 
capacity, thoroughly mixed, and the mixtures placed in J-gallon crocks in 
duplicate; the crocks were covered, weighed, and maintained at room temperature 
(20-25°C.) . Water was added periodically to compensate for loss by evaporation. 
Samples for analysis were removed at suitable intervals; the analytical proce- 
dures employed were the same as in the field plot studies. 

Influence of treatment on the relative incidence of hacterial nutritional groups 

Although samples were taken at three periods — 40, 120, and 360 days — 
the data for only the first and last are summarized in table 1, the results of the 
second being intermediate. After 40 days group A was lower in soils treated 
with molasses, starch, 5 per cent dextrose, and especially cellulose than in the 
control soil. With time, this group declined in abundance in all soils except the 
molasses-treated, which remained virtually unchanged, and the cellulose- 
treated, in which the group became particularly prominent. In general, after 
360 days, the percentage incidence of these bacteria was somewhat greater in 
the treated soils than in the control. 
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Bacteria requiring amino acids were markedly stimulated by cellulose and 
soluble starch. Soybeans, dextrose, starch, and acetic acid were also favorable, 
a fact which explains, in part, the higher bacterial balance index in these soils 
than in the control. After 360 days the effect was still noticeable in soils treated 
with soybeans and dextrose. Red clover also induced an increase of these 
organisms at this time. 

Organisms with specific growth factor requirements were only moderately 
stimulated by the treatments. At the end of the experimental period, however, 
certain of the amendments such as soybeans and cellulose seemed actually to 
depress the group. 

TABLE 1 


Influence of soil amendments on the incidence of certain bacterial nutritional groups 


SOIL TREATMENT 

GROUP A, 
GROWING 
WELL IN 
MINERAL- 
GLUCOSE 
MEDIUM 

GROUPS B & C> 
REQUIRING 
AMINO ACIDS 

GROUP D, 
REQUIRING 
KNOWN 
GROWTH 
FACTORS 

GROUP E, 
REQUIRING 
YEAST 
EXTRACT 

GROUP F, 
GROWING IN 
SOIL EXTRACT 
SEMISOLID 
AGAR ONLY 

BACTERIAL 
BALANCE INDEX 

40 

days 

360 

days 

40 

days 

360 

days 

40 

days 

360 

days 

40 

days 

360 

days 

40 

days 

360 

days 

40 

days 

360 

days 


% 

% 

% 

% 

% 

% 

% 

% 

% 

% 



Control soil 

37 

7 

8 

8 

i 18 

26 

12 

46 

25 

13 

-4 

+29 

3% Strawberry tis- 













sue 

50 

17 

8 

8 

27 

18 

9 

26 

6 

31 

-17 

+18 

5% Soybean tissue . . 

37 

28 

15 

14 

31 

8 

8 

42 

1 9 

8 

+17 

+11 

5% Red clover tis- 

j 












sue 

38 

6 

9 

19 

26 

16 

18 

40 

9 

19 

-2 

+32 

5% Cellulose — — 

6 

63 

48 

9 

20 

4 

12 

20 

14 

4 

+51 

-56 

1% Dextrose 

41 

26 

4 

16 

22 

11 

4 

29 

29 

18 

-25 

+15 

5% Dextrose 

22 

14 

16 

15 

25 

26 

37 

31 

5 

14 

+7 

+29 

5% Soluble starch. . . 

16 

13 

28 

7 

21 

23 

30 

44 

5 

13 

+26 

+10 

Molasses 

12 

15 

17 

3 

36 

18 

25 

40 

10 

24 

+23 

+23 

Acetic acid to pH 













4.5 

29 

9 

17 

5 

32 

14 

20 

42 

2 

29 

+22 

+12 


After 40 days’ incubation, group E was higher in soils with red clover, 5 
per cent dextrose, starch, molasses, and acetic acid than in the control. There 
was a tendency for this group to increase with time, until at 360 days 40 per 
cent of the isolates belonged to it insixof the soils including the control. Certain 
treatments such as cellulose again appeared to repress these bacteria. 

Group F was depressed by most of the treatments at 40 days. After 360 
days, however, it was more abundant than in the control in soils receiving 
strawberry tissue, molasses, and acetic acid. Once more, cellulose seemed to 
exert an inhibitory effect. 

The foregoing analysis of the data in table 1 shows how extensively certain 
treatments can modify the incidence of some bacterial nutritional groups in 
soil and how the latter may vary even in untreated soil, a phenomenon which 
was recorded previously (2). On the basis of these results, it is dfficult to 
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generalize as to the effect of broad types of substances as proteinaceous materials 
or carbohydrates on the groups of bacteria studied. For example, the two 
legumes, both comparatively rich in nitrogen, produce different initial and 
residual effects, as do the various carbohydrates used. The quantity of the 
treatment may also induce a different response (compare 1 and 5 per cent 
dextrose). 

Bacterial balance index 

The influence of various amendments on the bacterial nutritional groups 
in soil is brought out very clearly by the bacterial balance index of West and 
Lochhead (6). The results after 40 days (table 1), on the whole, corroborate 
those of West and Hildebrand (1, 7) who found that soybeans, dextrose, and 
acetic acid increased the of root-rot soil, whereas red clover was compar- 

atively ineffective. The data obtained in the present work indicate that other 
carbohydrates (starch, cellulose, and molasses) also increased the index. On 
the other hand, strawberry tissue lowered it. Since this material is incorporated 
in soil under ordinary farming practices, it may be one of the factors responsible 
for the shift of the bacterial equilibrium in soil to a point where it becomes 
unfavorable to the plant, and a root-rot condition develops (1, 7). Again, 
the quantity of material used appears to exert a very important effect: 1 per 
cent dextrose actually depressed the index to “-25, whereas 5 per cent increased 
it to +7. Larger quantities may well raise the index farther (7). Residual 
effects of treatments must also be considered, as is borne out by the results 
with cellulose: after 40 days this material gave an index of +51, but after 
360 days the equilibrium had shifted to an extremely low level of —56. The 
tendency for the “B.B.L” of the control soil to increase with time was observed 
previously (2) and may reflect a natural tendency of normal soil which has 
been removed from the field, dried, remoistened, and incubated at room tem- 
perature to reach an equilibrium with its new environment, 

DISCUSSION 

In a given soil environment, the components of the microbial population are 
in equilibrium with one another. Any change in this environment produced 
by season, growing crop, or soil treatment may shift this balance to a new one 
which is a reflection of the biological activity of the new factor. This applies to 
the interrelationships not only among broad groups of microorganisms such as 
protozoa, fungi, or bacteria but also among the constituent members of these 
groups. To what extent the new equilibrium will persist depends on the quan- 
titative and qualitative intensity of the new enviromnental factor and the length 
of time over which it operates, because it is obvious that the inherent soil prop- 
erties which are the result of thousands of years of adaptation will not be altered 
appreciably by a superficial treatment applied over a comparatively short period 
of time. It has been jpointed out earlier (fig. 2) that despite the different pro- 
ductivity of soils N and X (as a result of treatment) the relative incidence of the 
bacterial nutritional groups studied is very similar in both soils, an observation 
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which Taylor and Lochhead (5) have also made. Continuous planting of one 
crop may be expected eventually to stabilize the microbial balance of the soil 
and result in a microflora which is characteristic of that crop. Annual change 
of crop, as in rotations, however, will merely cause temporary shifts of the 
equilibrium (groups A and E in figure 1). Similarly, readily decomposable 
materials (dextrose) stimulate a temporary change in the equilibrium, which 
eventually reverts to its original state as a result of the powerful buffering 
capacity of the soil, whereas more slowly decomposable substances (cellulose) 
induce a shift of the bacterial balance which is not only more profound but also 
more persistent. 

These considerations are especially important ff it is desired to modify the 
soil population for a specific purpose such as the elimination of a disease factor 
from soil or the stimulation of a microflora favorable to a particular ci'op. 
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